Composition, dynamics and function of  extracellular polymeric substances in  drinking-water biofilms by Michalowski, Witold Dariusz
 
 
 
 
Composition, dynamics and function of  
extracellular polymeric substances in  
drinking-water biofilms 
 
 
 
Dissertation 
 
zur Erlangung des akademischen Grades eines 
Doktors der Naturwissenschaften 
– Dr. rer. nat. – 
 
vorgelegt von 
 
Witold Dariusz Michalowski 
 
geboren in Warschau 
 
 
Biofilm Centre – Aquatische Mikrobiologie 
der 
Universität Duisburg-Essen 
 
 
2012 
 
 
 
 
Die vorliegende Arbeit wurde im Zeitraum von Januar 2008 bis August 
2012 im Arbeitskreis von Prof. Dr. Hans-Curt Flemming am Biofilm 
Centre der Universität Duisburg-Essen durchgeführt. 
 
Tag der Disputation: 06.11.2012 
 
 
Gutachter:  Prof. Dr. Hans-Curt Flemming 
   Prof. Dr. Ulrich Szewzyk 
Vorsitzender: Prof. Dr. Jochen Stefan Gutmann 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
“Water, taken in moderation, 
cannot hurt anybody” 
 
- Mark Twain - 
Acknowledgements 
i 
 
 
 
ACKNOWLEDGEMENTS 
First of all I would like to express my gratefulness to Prof. Dr. Hans-Curt Flemming for setting 
up this interesting project and for his excellent supervision throughout my research. Hans-
Curt, thank you for the inspiration, as well as the trust and the liberties to implement my 
own ideas, which I was able to present at the very reasonable number of conferences I’ve 
attended. 
Thank you to Jost Wingender for the numerous and inspiring discussions and support 
throughout all stages of my research.  
I am deeply indebted to both, Prof. Dr. Hans-Curt Flemming and Dr. Jost Wingender, for 
spending countless hours reviewing this manuscript and giving creative input. 
I wish to express my gratidude to Prof. Dr. Ulrich Szewzyk for accepting the task of being my 
co-referee. 
Many thanks to the Max Buchner Research Foundation for financial support. 
I would like to acknowledge Prof. Dr. Ursula Obst, Dr. Gerald Brenner-Weiß and Boris Kühl 
from the KIT for giving me the opportunity to identify proteins in their lab. 
Thanks to Daniel, Sascha and Mathias for their assistance during my first days in the lab, as 
well as to Miriam for lots of advice and encouragement especially towards the end of this 
work. I thank Barbara for the great work investigating parts of the dynamics of drinking-
water biofilms and Dominik for the incorporation experiments with P. aeruginosa. Thank you 
to all current and former colleagues who worked with me in the department of Aquatic 
Microbiolgy and who provided a great atmosphere and lots of fun. All of you contributed a 
great deal to the success of this study. 
A special thanks to Silke for the support, the encouragement, the advice and the distraction 
whenever I needed it, as well as for proofreading this manuscript countless times. Silke, 
thank you for travelling the world with me!  
As last, I would like to thank my family and friends who had to suffer from my lack of time, 
especially during the more demanding periods of this work. 
Table of contents 
ii 
 
 
 
TABLE OF CONTENTS 
ACKNOWLEDGEMENTS ................................................................................................................................ i 
TABLE OF CONTENTS ....................................................................................................................................ii 
LIST OF TABLES .......................................................................................................................................... vi 
LIST OF FIGURES ....................................................................................................................................... viii 
GLOSSARY ................................................................................................................................................. xi 
ABSTRACT ............................................................................................................................................... xiii 
1. INTRODUCTION ...................................................................................................................................... 1 
1.1 The biofilm way of life ................................................................................................................... 1 
1.2 Extracellular polymeric substances (EPS) ...................................................................................... 3 
1.2.1 EPS components ..................................................................................................................... 6 
1.2.2 EPS matrix formation ............................................................................................................ 14 
1.2.3 Mechanical stability of biofilms ............................................................................................ 17 
1.3 Biofilms in drinking water distribution systems .......................................................................... 19 
1.4 Methods for biofilm and EPS analysis ......................................................................................... 22 
1.4.1 Tools to study biofilm composition ...................................................................................... 23 
1.4.2 Tools to study biofilm architecture ...................................................................................... 37 
1.5 Aims of the study ......................................................................................................................... 41 
2. MATERIALS ......................................................................................................................................... 43 
2.1 Chemicals ..................................................................................................................................... 43 
2.2 Cultivation media ........................................................................................................................ 46 
2.3 Buffers and solutions ................................................................................................................... 47 
2.4 Commercial kits ........................................................................................................................... 51 
2.5 Enzymes ....................................................................................................................................... 51 
2.6 Equipment ................................................................................................................................... 51 
2.7 Software and databases .............................................................................................................. 54 
3. METHODS ........................................................................................................................................... 55 
Table of contents 
iii 
 
3.1 Cultivation of drinking-water biofilms ......................................................................................... 55 
3.2 Sampling of drinking-water biofilms ........................................................................................... 57 
3.3 Determination of biofilm mass .................................................................................................... 57 
3.4 Multi-element analysis of drinking water and biofilms............................................................... 58 
3.5 Scanning electron microscopy of drinking-water biofilms .......................................................... 58 
3.6 Confocal laser scanning microscopy (CLSM) ............................................................................... 58 
3.7 Microbiological analysis .............................................................................................................. 59 
3.7.1 Total cell count ..................................................................................................................... 59 
3.7.2 Heterotrophic plate count .................................................................................................... 59 
3.7.3 Culturability of P. aeruginosa pure cultures ......................................................................... 59 
3.7.4 Culturability of P. aeruginosa in biofilms ............................................................................. 60 
3.8 Isolation of extracellular polymeric substances (EPS) ................................................................. 60 
3.9 Biochemical analysis of biofilms and EPS .................................................................................... 63 
3.9.1 Proteins................................................................................................................................. 63 
3.9.2 Carbohydrates ...................................................................................................................... 63 
3.9.3 Uronic acids .......................................................................................................................... 64 
3.9.4 DNA ....................................................................................................................................... 65 
3.9.5 2-keto-3-deoxyoctonate (KDO) ............................................................................................ 66 
3.10 Enzyme activity measurements ................................................................................................. 66 
3.10.1 Glucose-6-phosphate dehydrogenase activity ................................................................... 66 
3.10.2 Protease activity determination by zymogram gels ........................................................... 68 
3.10.3 Fluorometric determination of enzyme activity ................................................................ 68 
3.11 Molecular biology methods....................................................................................................... 70 
3.11.1 Sample preparation for population analysis by DGGE ....................................................... 70 
3.11.2 DNA Isolation ...................................................................................................................... 70 
3.11.3 Amplification of 16S rDNA fragments ................................................................................ 71 
3.11.4 Agarose gel electrophoresis ............................................................................................... 72 
3.11.5 Denaturing Gradient Gel Electrophoresis (DGGE) .............................................................. 72 
3.11.6 Fluorescence in situ hybridization ...................................................................................... 73 
3.12 Analysis of proteins by 2D gel electrophoresis ......................................................................... 74 
3.12.1 Sample preparation ............................................................................................................ 74 
3.12.2 Isoelectric focusing (IEF) ..................................................................................................... 75 
3.12.3 Preparation of SDS-Tris-glycine gels ................................................................................... 76 
3.12.4 Gel electrophoresis of EPS proteins ................................................................................... 76 
3.12.5 MALDI-TOF-MS ................................................................................................................... 77 
Table of contents 
iv 
 
3.13 Gel staining and image acquisition ............................................................................................ 80 
3.13.1 Coomassie Brilliant Blue staining ....................................................................................... 80 
3.13.2 Ethidium bromide staining ................................................................................................. 80 
3.13.3 Silver staining ..................................................................................................................... 80 
3.13.4 Simply Blue Safe Stain ........................................................................................................ 81 
3.13.5 SybrGold staining ................................................................................................................ 81 
3.13.6 SyproRuby protein gel stain ............................................................................................... 82 
4. RESULTS .............................................................................................................................................. 83 
4.1  Establishment of methods for the cultivation of drinking-water biofilms and EPS recovery .... 83 
4.1.1 Cultivation of drinking-water biofilms .................................................................................. 83 
4.1.2 Optimization of EPS isolation by CER ................................................................................... 85 
4.1.3 Cell integrity measurements after CER isolation .................................................................. 86 
4.1.4 Efficiency of CER isolation .................................................................................................... 88 
4.2 Optimization of 2D gel electrophoresis for EPS proteins ............................................................ 90 
4.2.1 EPS sample preparation for 2DE........................................................................................... 90 
4.2.2 Optimization of isoelectric focusing (IEF) for EPS samples .................................................. 92 
4.2.3 Selection of staining method for SDS-Tris-glycine gels ........................................................ 94 
4.3 Comparison of EPS isolation methods ........................................................................................ 96 
4.3.1 Quantitative comparison of EPS recovery ............................................................................ 96 
4.3.2 Qualitative comparison of isolated EPS proteins ............................................................... 100 
4.3.3 Impact of EPS isolation methods on culturability of biofilm cells ...................................... 102 
4.4  Dynamics of microbial populations and biochemical composition within drinking-water 
biofilms ..................................................................................................................................... 103 
4.4.1 Progress of surface colonization and drinking-water biofilm formation ........................... 103 
4.4.2 Dynamics of microbial populations of drinking-water biofilms over 28 d ......................... 104 
4.4.3 Changes in biochemical composition of drinking-water biofilms over 28 d ...................... 106 
4.4.4 2DE analysis of the dynamics of EPS proteins from drinking-water biofilms..................... 110 
4.4.5 Dynamics of proteases in drinking-water biofilms ............................................................. 115 
4.4.6 Enzymatic activity within drinking-water biofilms ............................................................. 117 
4.5 Comparison of drinking-water biofilms grown at different locations ....................................... 119 
4.5.1 Drinking water composition and characteristics at the cultivation sites ........................... 119 
4.5.2 General composition of drinking-water biofilms from different locations ........................ 122 
4.5.3 Microbiological and population analysis of drinking-water biofilms with different origin 123 
4.5.4 Biochemical composition of drinking-water biofilms from different locations ................. 126 
Table of contents 
v 
 
4.6 Identification of EPS proteins .................................................................................................... 134 
4.7 Influence of Pseudomonas aeruginosa on drinking-water biofilm composition ..................... 141 
4.7.1 Incorporation of P. aeruginosa into drinking-water biofilms ............................................. 141 
4.7.2 Influence of P. aeruginosa on the biochemical composition of drinking-water biofilms .. 144 
5. DISCUSSION ....................................................................................................................................... 147 
5.1 EPS isolation from drinking-water biofilms ............................................................................... 149 
5.2 Drinking-water biofilm formation on the elastomer EPDM ...................................................... 160 
5.2.1 Colonization of EPDM by drinking water microorganisms ................................................. 160 
5.2.2 Dynamics of population diversity of drinking-water biofilms ............................................ 162 
5.2.3 Biochemical composition of drinking-water biofilms ......................................................... 164 
5.3 Influence of upstream plumbing materials on drinking-water biofilms ................................... 169 
5.3.1  Variability of drinking-water biofilms cultivated on EPDM according to water 
characteristics and plumbing materials ............................................................................ 170 
5.3.2 Incorporation of hygienically relevant microorganisms into drinking-water biofilms ....... 176 
5.4 Identification and function of extracellular proteins in drinking-water biofilms ...................... 180 
5.5 Outlook ...................................................................................................................................... 184 
6. REFERENCES ...................................................................................................................................... 187 
APPENDIX .............................................................................................................................................. 213 
List of tables 
vi 
 
 
 
LIST OF TABLES 
Table 1.1:  Extracellular enzyme classes detected in the EPS of biofilms from various environments 
(adapted and supplemented from Wingender and Jaeger, 2002). ....................................... 9 
Table 1.2:  EPS isolation procedures described in literature (adapted and supplemented from Nielsen 
and Jahn, 1999). .................................................................................................................. 27 
Table 1.3:  Photometric or fluorometric assays used for the quantification of EPS components. ....... 32 
Table 1.4:  Fluorescent stains or markers applied for microscopical analysis of biofilms (adapted and 
supplemented from Strathmann, 2002). ............................................................................ 39 
Table 2.1:  Chemicals used in this study. .............................................................................................. 43 
Table 2.2:  Commercial kits used in this study. ..................................................................................... 51 
Table 2.3:  Enzymes used in this study. ................................................................................................. 51 
Table 2.4:  Equipment used in this study. ............................................................................................. 51 
Table 2.5:  Software and databases used in this study. ........................................................................ 54 
Table 3.1:  Locations and drinking water installations used for the cultivation of drinking-water 
biofilms. ............................................................................................................................... 55 
Table 3.2:  PCR master mix composition for one reaction. ................................................................... 71 
Table 3.3:  Primers applied for 16S rDNA amplification. ...................................................................... 72 
Table 3.4:  Composition of 40 % and 60 % denaturant solutions for DGGE. ........................................ 72 
Table 3.5:  Program applied for the IEF of EPS proteins from drinking-water biofilms. ....................... 75 
Table 3.6:  Silver staining protocol according to Blum et al. (1987). .................................................... 81 
Table 4.1:  Comparison of metal ion concentrations in drinking water and in 14 d-old drinking-water 
biofilm, as well as the distribution of the cations after EPS isolation by 20 min CER 
treatment. ........................................................................................................................... 90 
Table 4.2:  Comparison of the PCR-DGGE band patterns with regards to number of bands and 
similarity of profiles of drinking-water biofilms grown for up to 28 d at plumbing system A 
or plumbing system C. ....................................................................................................... 106 
Table 4.3:  Number of proteins in the EPS isolated from drinking-water biofilms grown for up to 28 d 
in plumbing system A or plumbing system C resolved by 2DE. ........................................ 110 
List of tables 
vii 
 
Table 4.4:  General characteristics of drinking waters at the cultivation sites of drinking-water 
biofilms. ............................................................................................................................. 121 
Table 4.5:  Physical characteristics of 14 d-old drinking-water biofilms cultivated at five different sites
 ........................................................................................................................................... 122 
Table 4.6:  Inorganic composition of 14 d-old drinking-water biofilms cultivated at five different 
locations. ........................................................................................................................... 123 
Table 4.7:  Number of bands, number of similar bands and similarity of DGGE band patterns of 14 d-
old drinking-water biofilm communities grown at five different locations and analyzed by 
PCR-DGGE. ......................................................................................................................... 125 
Table 4.8:  Number of protein spots detected by 2DE in the EPS of 14 d-old drinking-water biofilms 
cultivated at 5 different locations in 3 independent reactor runs. ................................... 130 
Table 4.9: Identities of EPS proteins of 14 d-old drinking-water biofilms cultivated at plumbing 
system C. Score ≥ 85 indicates significant homology of mass spectra to identified proteins.
 ........................................................................................................................................... 136 
Table 5.1:  Advantages and disadvantages of EPS isolation methods for the analysis of EPS from 
drinking-water biofilms. .................................................................................................... 159 
 
 
List of figures 
 
viii 
 
 
 
LIST OF FIGURES 
Figure 1.1:  Model of the steps involved in biofilm formation in a drinking water pipe (modified with 
permission from Moritz, 2011, according to the model given by Stoodley et al., 2002). .. 2 
Figure 1.2:  Secretion systems identified in Gram-negative and/or Gram-positive bacteria. (adapted 
from Tseng et al., 2009). ................................................................................................... 15 
Figure 1.3:  Model of a biofilm formed on a surface, showing a) its structure, b) the main EPS 
constituents, and c) physicochemical interactions determining mechanical stability of 
biofilms (adapted from Flemming and Wingender, 2010). .............................................. 18 
Figure 3.1:  a) biofilm reactor with EPDM coupons and b) experimental set up used for the 
cultivation of drinking-water biofilms. ............................................................................. 56 
Figure 3.2:  Experimental setup used for EPS isolation by shaking in absence or presence of CER. ... 61 
Figure 3.3:  Schematic representation of EPS isolation procedures applied for drinking-water 
biofilms. ............................................................................................................................ 62 
Figure 3.4:  Pipetting scheme used for the fluorometric determination of enzyme activity in a 
microtitre plate format. .................................................................................................... 69 
Figure 4.1:  Images of 14 d-old drinking-water biofilms grown on EPDM showing a) a macroscopical 
view of the biofilm, b) an SEM top view of a dried biofilm at 10,000 x magnification, c) 
and d) epifluorescence microscopic top views of live/dead stained biofilms at 100 x and 
1,000 x magnification, respectively and e) a CLSM side-view (z-stack) image of the lower 
60 µm of a live/dead stained biofilm at 1,000 x magnification. ....................................... 84 
Figure 4.2:  Protein, carbohydrate and DNA concentrations in EPS of 14 d-old drinking-water biofilms 
after EPS isolation by shaking without (dark bars) or with (light bars) the use of CER. ... 86 
Figure 4.3:  Culturability of 14 d-old drinking-water biofilm cells after shaking treatment without 
(dark grey bars; n = 2) or with (light grey bars; n = 4) CER for up to 60 min. ................... 86 
Figure 4.4:  G6PDH activity within concentrated total biofilm, as well as cell extracts and EPS 
obtained by 20 and 60 min of EPS isolation treatment by shaking and CER and 
concentrated 20 fold. ....................................................................................................... 87 
Figure 4.5:  SEM image including an EDX spectrum and relative composition of inorganic deposits 
found in a dried 14 d-old drinking-water biofilm. ............................................................ 89 
Figure 4.6:  2DE gels of EPS proteins isolated from 14 d-old drinking-water biofilms by 20 min CER 
treatment a) without any sample clean-up and b) after dialysis...................................... 91 
List of figures 
 
ix 
 
Figure 4.7:  2DE gel of EPS proteins isolated from 14 d-old drinking-water biofilms by 20 min CER 
treatment optimized by EPS clean-up with DNase (Benzonase) treatment and 
subsequent dialysis. .......................................................................................................... 92 
Figure 4.8:  2DE gels of EPS proteins isolated from 14 d-old drinking-water biofilms by 20 min CER 
treatment and focused for a) 45 kVh, b) 55 kVh, c) 65 kVh, d) 75 kVh, e) 85 kVh or f) 95 
kVh. ................................................................................................................................... 93 
Figure 4.9:  2DE gels of EPS proteins isolated from 14 d-old drinking-water biofilms isolated by 20 
min CER treatment and stained with a) Coomassie brilliant blue (Kang et al., 2002), b) 
SyproRuby protein gel stain or c) silver (Blum et al., 1984). ............................................ 95 
Figure 4.10:  Protein, carbohydrate and DNA concentrations in the cell fraction after EPS isolation 
(cells) and EPS isolated from 14 d-old drinking-water biofilms by shaking (Vortex), CER, 
formaldehyde/NaOH, EDTA or heat. ................................................................................ 96 
Figure 4.11:  Protein, carbohydrate and DNA concentrations measured in deionized water after 
addition of EDTA, formaldehyde, NaOH or formaldehyde with NaOH. ........................... 99 
Figure 4.12: Recovery of proteins, carbohydrates and DNA in a model EPS solutions (10 µg mL-1 BSA, 
5 µg mL-1 dextran, 1 µg mL-1 DNA) after treatments by shaking (Vortex), CER, 
formaldehyde, NaOH, formaldehyde/NaOH, EDTA or heat as used for the isolation of 
EPS from drinking-water biofilms. .................................................................................. 100 
Figure 4.13:  2DE gels of EPS proteins isolated from 14 d-old drinking-water biofilms by a) shaking, b) 
CER, c) formaldehyde/NaOH or d) heat. ......................................................................... 101 
Figure 4.14:  Total cell count (TCC) and culturability of drinking-water biofilm cells before and after 
isolation treatments by shaking, CER, formaldehyde/NaOH, EDTA and heat. ............... 102 
Figure 4.15:  Total cell count (TCC) and culturability of drinking-water biofilms grown over periods of 
up to 28 d in drinking water at a) plumbing system A (n = 3 independent reactor runs) or 
b) plumbing system C (n = 2 independent reactor runs). ............................................... 104 
Figure 4.16:  PCR-DGGE band patterns of drinking-water biofilms grown over periods of up to 28 d in 
drinking-water at a) plumbing system A stained with silver (Blum et al., 1987) or b) 
plumbing system C stained with SybrGold. .................................................................... 105 
Figure 4.17:  Protein, carbohydrate and eDNA concentrations in drinking-water biofilms and their EPS 
grown over periods of up to 28 d in drinking water at plumbing system A. .................. 109 
Figure 4.18:  Protein, carbohydrate and eDNA concentrations in drinking-water biofilms and their EPS 
grown over periods of up to 28 d in drinking water at plumbing system C. .................. 109 
Figure 4.19:  2DE gels of EPS isolated from drinking-water biofilms grown on EPDM at plumbing 
system A for a) 5 d, b) 7 d, c) 11 d, d) 13 d, e) 18 d, f) 21 d, g)25 d or h) 28 d without the 
use of a protease inhibitor. ............................................................................................. 111 
Figure 4.20:  2DE gels of EPS isolated from drinking-water biofilms grown on EPDM at plumbing 
system C for a) 5 d, b) 7 d, c) 11 d, d) 14 d, e) 18 d, f) 21 d, g)25 d or h) 28 d with the use 
of a protease inhibitor cocktail. ...................................................................................... 114 
Figure 4.21:  One-dimensional zymogram gels showing protease activity in a) drinking-water biofilms 
suspensions (protein load per lane: 8.5 µg) or b) EPS solutions (protein load per lane: 0.4 
List of figures 
 
x 
 
µg) isolated from drinking-water biofilms after cultivation for up to 28 d in plumbing 
system C using zymogram gels containing gelatin as substrate. .................................... 116 
Figure 4.22: Total enzyme activities expressed in nmol min-1 of seven enzyme classes determined in 
the whole biofilm, in biofilm cells after EPS isolation, or in isolated EPS obtained from 
drinking-water biofilms after cultivation for up to 28 d. ................................................ 118 
Figure 4.23:  Specific enzyme activities expressed in nkat mg-1 protein of seven enzyme classes 
determined in the whole biofilm, in biofilm cells after EPS isolation, or in isolated EPS 
obtained from drinking-water biofilms after cultivation for up to 28 d. ........................ 118 
Figure 4.24:  Total cell counts (TCC) and HPC of 14 d-old drinking-water biofilms grown at five 
different locations. .......................................................................................................... 124 
Figure 4.25:  PCR-DGGE gel of 14 d-old drinking-water biofilm communities grown at five different 
locations. Arrows indicate bands at the same positions in all biofilm samples. ............ 125 
Figure 4.26:  Protein-, carbohydrate- and eDNA concentrations in 14 d-old drinking-water biofilms 
and their EPS. .................................................................................................................. 127 
Figure 4.27:  Proportions of isolated EPS proteins (left) and carbohydrates (right) from five different 
drinking-water biofilms in relation to the Cu concentration in the respective drinking 
water. .............................................................................................................................. 128 
Figure 4.28:  2DE gels of EPS proteins from 14 d-old drinking-water biofilms cultivated at a) plumbing 
system A, b) distribution system A, c) plumbing system B, d) distribution system B and e) 
plumbing system C. ......................................................................................................... 131 
Figure 4.29:  2DE gel of EPS proteins from drinking-water biofilms. Marked spots represent excised 
protein spots from the 2DE gel. ...................................................................................... 135 
Figure 4.30:  Total cell count and HPC of drinking-water biofilms and concentrations of P. aeruginosa 
AdS before as well as 24 h and 7 d after inoculation. .................................................... 142 
Figure 4.31:  Total cell count (TCC) and culturability of P. aeruginosa AdS after 24 h exposition at 20 °C 
to a) dilutions of drinking water in deionized water (n = 1), or b) different concentrations 
of copper in 6 mM phosphate buffer at pH 7.0 (n = 2). .................................................. 143 
Figure 4.32:  Protein, carbohydrate and eDNA concentrations in drinking-water biofilms and isolated 
EPS, 24 h or 7 d after inoculation with P. aeruginosa AdS (+P.a.) or deionized water (-P.a. 
control)............................................................................................................................ 144 
Figure 4.33:  2DE gels of EPS proteins isolated from a) drinking-water biofilms before inoculation, b) 
drinking-water biofilm 24 h after inoculation with P. aeruginosa AdS in deionized water, 
c) drinking-water biofilm 24 h after inoculation with deionized water (control), d) 
drinking-water biofilm 7 d after inoculation with P. aeruginosa AdS in deionized water, 
and e) drinking-water biofilm 7 d after inoculation with deionized water (control). .... 146 
Figure 5.10:  Materials used in plumbing systems of public buildings in Germany (according to 
Kistemann et al., 2010). .................................................................................................. 170 
 
 
Glossary 
xi 
 
 
 
 
GLOSSARY 
2DE  two-dimensional gel electrophoresis 
2D-DIGE tow dimensional differential gel electrophoresis 
AAS  atomic absorption spectrometry 
AFM  atomic force microscopy 
APS  ammonium persulfate 
ATP  adenosine triphosphate 
ATR  attenuated total reflectance 
BSA  bovine serum albumin 
CER  cation exchange resin 
cfu  colony forming units 
CHAPS  [3-(3-Cholanamidopropyl)dimethylammonio]-1-propansulfonate 
CLSM  confocal laser scanning microscopy 
CTC  5-cyano-2,3-ditolyl tetrazolium chloride 
DAPI  4’,6-diamidino-2-phenylindole 
DEPC  diethylpyrocarbonate 
dNTP  deoxyribonucleotide triphosphate 
DTT  dithiothreitol 
DGGE  denaturing gradient gel electrophoresis 
DNA  deoxyribonucleic acid 
DVGW  Deutscher Verein des Gas- und Wasserfaches (German Gas and Water Association) 
EDTA  ethylene diamine tetra-acetic acid 
EDX energy dispersive x-ray 
EPDM ethylene propylene diene monomer  
EPS extracellular polymeric stubstances 
ESEM environmental scanning electron microscopy 
FISH fluorescence in situ hybridization 
FT-IR Fourier-transformation-infrared-spectroscopy 
G6PDH glucose-6-phosphate dehydrogenase 
GC gas chromatography 
H2CO formaldehyde 
HPC heterotrophic plate count 
HPLC high performance liquid chromatography 
ICP inductively coupled plasma 
IEF isoelectric focusing 
IPG immobilized pH gradient 
Glossary 
xii 
 
kDa kilo Dalton 
KDO 2-keto-3-deoxyoctonate ammonium salt 
LB Lenox broth 
LC liquid chromatography 
MALDI matrix assisted laser desorption/ionization 
MS mass spectrometry 
MUF methylumbelliferyl 
MWCO molecular weight cut-off 
NADP nicotinamide-adenine-dinucleotide phosphate 
NMR nuclear magnetic resonance 
OES optical emission spectrometry 
p. a. per analysis 
P. a. Pseudomonas aeruginosa 
PAGE polyacrylamide gel electrophoresis 
PBS phosphate-buffered saline 
PCR polymerase chain reaction 
PE polyethylene 
pI isoelectric point 
PI propidium iodide 
PMMA polymethyl-methacrylate 
PVC polyvinylchloride 
RNA ribonucleic acid 
RT-qPCR real-time quantitative polymerase chain reaction 
SDS sodium dodecyl sulfate 
SEM scanning electron microscopy 
SERS surface-enhanced Raman scattering 
SSCP single strand conformation polymorphism 
TAE Tris/acetic acid/EDTA 
TE Tris/EDTA 
TCC total cell count 
TEM transmission electron microscopy 
TEMED N,N,N’,N’-tetramethylethylenediamine 
T-RFLP terminal restriction fragment length polymorphism 
TLC thin-layer chromatography 
TOC total organic carbon 
TOF time of flight 
TrinkwV Trinkwasserverordnung (German Drinking Water Ordinance) 
Tris Tris(hydroxymethyl)-aminomethane  
VBNC viable but nonculturable 
v/v volume per volume 
w/v weight per volume 
XTT 3’-1-[(phenylamino-)carbonyl]-3,4-tetrazolium-bis(4-methoxy-6-nitro)benzene-sulfonic 
acid hydrate 
 
Abstract 
xiii 
 
 
 
ABSTRACT 
Drinking water distribution systems as well as domestic plumbing systems are colonized by 
microbial biofilms. Under unfavourable conditions they may act as reservoirs for hygienically 
relevant microorganisms, posing a potential threat to human health. The aim of this study 
was the investigation of the formation, composition and function of drinking-water biofilms 
and their extracellular polymeric substances (EPS). The biofilms were grown on a synthetic 
elastomeric material, exposed to drinking water in different drinking water distribution 
systems as well as public plumbing systems made of copper. Characterization of biofilms and 
their EPS was carried out by microbiological, molecular biological and biochemical methods, 
which were adapted and optimized to meet the difficulty provided by the low amounts of 
biomass usually found in drinking water systems. 
The elastomeric material provided a suitable substratum for the cultivation of drinking-water 
biofilms. After 14 d of exposure, biofilm growth reached a quasi-stationary state, showing 
constant cell numbers in the range of 1.0 x 108 cells cm-2 to 5.0 x 108 cells cm-2. Culturability 
of biofilm cells was one order of magnitude lower compared to total cell numbers. Analysis 
by PCR-DGGE showed an increase in population diversity for the first 7 d of biofilm growth 
and from then on remained constant for up to 28 d. Comparison of band patterns of biofilms 
in different water systems showed variable microbial composition of drinking-water biofilms, 
with similarities of only 46 % to 63 %. 
 EPS were isolated from drinking-water biofilms by application of a cation exchange resin 
(CER). Due to the low biomass yield this EPS isolation method was miniaturized and 
optimized, and compared to other commonly applied isolation methods including treatment 
by shaking (control), formaldehyde/NaOH, EDTA, or heat. The CER method showed 
significantly higher yields of EPS components compared to the control method, and, in 
Abstract 
xiv 
 
contrast to chemical methods or heat, caused no damage to biofilm cells or interference 
with analyses. Proteins represented the main component, irrespective of biofilm age or 
origin, followed by carbohydrates and DNA. Protein and carbohydrate contents in the EPS 
increased continuously throughout the cultivation period of up to 28 d, while DNA showed 
an increase in concentration for the initial 11 d to 21 d of cultivation, from which on the 
concentration remained constant. The isolation yields of EPS constituents varied depending 
on the biofilm’s origin and showed a decreasing trend with increasing Cu content in the 
water phase. Similarly to protein production, also activity of the hydrolytic enzyme groups 
proteases, peptidases, α-/ß-glucosidases, N-acetyl-ß-D-glucosaminidases, lipases, esterases, 
and phosphatases increased with biofilm age, in particular once biofilms reached 14 d of 
age. EPS protein diversity was analyzed by two-dimensional gel electrophoresis and 
exhibited significant variability according to the biofilm’s origin. In the course of biofilm 
formation, diversity of EPS proteins increased for the first 14 d and decreased from then on, 
showing a lower amount of protein spots with high molecular weightes or isoelectric points. 
Analysis of protein spots by MALDI-TOF-MS identified proteins with metabolic, transport, or 
regulatory functions in the EPS of drinking-water biofilms. A few protein clusters, including 
efflux proteins, were only present in biofilms grown in copper plumbing systems.  
The incorporation of a hygienically relevant microorganism into drinking-water biofilms was 
examined. As a model microorganism of hygienical relevance, Pseudomonas aeruginosa was 
used to examine the hypothesis, that it can influence the composition of existing biofilms 
and their EPS. The incorporation of P. aeruginosa as detected by FISH showed the potential 
of drinking-water biofilms to harbor hygienically relevant microorganisms. An effect on the 
composition of drinking-water biofilms or their EPS was not observed. 
The results demonstrated the variability of drinking-water biofilms in terms of microbial 
populations and EPS composition in response to variations of conditions in different 
distribution systems and in particular in copper plumbing systems. Furthermore, this study 
demonstrated the dynamics of EPS components in the course of biofilm formation, 
indicating continuous changes to the EPS matrix induced by the constituent organisms. 
Drinking-water biofilms were shown to be another type of biofilms, in which proteins 
represent the main EPS component, followed by polysaccharides and DNA. EPS proteins in 
drinking-water biofilms exhibited metabolic, transport and regulatory functions. 
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1. INTRODUCTION 
1.1 The biofilm way of life 
Biofilms represent a fascinating lifestyle found in all three domains of life and one of the 
oldest forms of life on earth (Flemming, 2011). The term “biofilm” describes microbial 
aggregates embedded in a highly hydrated, self-produced slime matrix composed of 
extracellular polymeric substances (EPS). EPS are composed of a variety of different 
macromolecules, such as polysaccharides, proteins, DNA or (phospho-) lipids, which form 
the three-dimensional structure of biofilms, affect their porosity, density, water content and 
sorption properties, and afford protection for biofilm organisms (Wingender et al., 1999; 
Flemming and Wingender, 2002; Denkhaus et al., 2007; Flemming et al., 2007; Karatan and 
Watnik, 2009; Flemming and Wingender, 2010). Biofilms form at interfaces of two-phase 
systems such as water-air, water-oil, solid-air or water-solid (Wimpenny, 2000). These 
aggregates were investigated ever since van Leeuwenhoek’s observations of the “very little 
animalia” he had found in the plaque on his teeth late in the 17th century. In his studies on 
freshwater bacteria Henrici (1933) was one of the first to describe the affinity of 
microorganisms to surfaces, discussing a layer of various bacteria along with algae and 
protozoa firmly attached to glass slides, which had been submerged into aquarium waters or 
Lake Alexander (Minnesota/USA). However, the term “biofilm” and its theory were not 
established until 1978, stating that the majority of microorganisms live as conglomerates 
attached to surfaces, enclosed in a self-produced matrix and exhibiting an altered gene 
expression compared to their planktonic counterparts (Costerton et al., 1978; Donlan and 
Costerton, 2002; Hall-Stoodley et al., 2004; Karatan and Watnik, 2009). By now the biofilm 
mode of growth is considered the natural state of microbial existence. Over 99.9 % of 
microorganisms in natural aquatic environments are predicted to live in such aggregates, 
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suggesting that planktonic growth represents only a temporary state in microbial life 
(Donlan and Costerton, 2002). 
 
 
Figure 1.1: Model of the steps involved in biofilm formation in a drinking water pipe (modified with permission 
from Moritz, 2011, according to the model given by Stoodley et al., 2002). 
 
A generally applicable model describing the life cycle of biofilm organisms has been given by 
Stoodley et al. (2002), showing the formation and maintenance of biofilms as an on-going 
dynamic process (Fig. 1.1). The biofilm formation is initiated with the coating of a surface 
with a conditioning layer and reversible attachment of microorganisms. This initial step is 
strongly dependent on the surface characteristics, microorganisms involved, as well as 
environmental conditions. In general, high surface roughness (Percival et al., 1999), as well 
as hydrophobicity of a substratum (Fletcher and Loeb, 1979) promotes attachment of 
bacterial cells. Cell density, cell surface structures such as flagella or pili, or environmental 
conditions such as nutrient availability, temperature, osmolarity, pH, oxygen content or 
hydrodynamic parameters also determine the degree of colonization of a surface (O’Toole et 
al., 2000; Flemming and Wingender, 2001). In the second step microcolonies arise and a 
switch from planktonic to biofilm specific expression of genes occurs, leading to enhanced 
production of EPS (Watnick and Kolter, 2000; Sauer et al., 2002). The microcolonies evolve 
into macrocolonies and form mature biofilms. Factors like nutrient limitation or physical 
stress can lead to sloughing off of parts of the biofilm and release of single cells. This process 
of detachment can be mediated by microorganisms by the production of specific enzymes, 
such as polysaccharide lyases, which allow these microorganisms to free themselves from 
the biofilm matrix (Allison et al., 1998). Cells liberated from the biofilm are then transported 
to new locations and may result in the development of new biofilms (Sauer et al., 2002). In 
the course of biofilm formation, microorganisms continuously alter the composition of the 
biofilm matrix according to their needs, which is directly influenced by environmental 
conditions.  
Drinking water
autochthonous
microflora
reversible
attachment
mature biofilm
release
growth
microcolony
formation
Drinking water
pipe
Water phase
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The aggregation into biofilms provides various benefits for microorganisms in comparison to 
life in the planktonic state, which can include increased nutrient availability, protection 
against environmental stress such as extreme temperatures or pH, desiccation, salinity and 
antimicrobial agents, or enhanced gene exchange, allowing for fast adaptation to 
environmental changes (Hall-Stoodley et al., 2004). Many of these advantageous features 
can be attributed to the self-produced EPS matrix surrounding biofilm cells.  
 
1.2 Extracellular polymeric substances (EPS) 
EPS represent the major constituents of microbial biofilms and determine the environmental 
conditions for the residing microorganisms. In a way they resemble, as Flemming et al. 
(2007) aptly called it, “the house of biofilm cells.” They form the extracellular matrix of 
biofilms, generate their porosity, density, water content and sorption properties, and afford 
protection for biofilm organisms (Wingender et al., 1999; Flemming and Wingender, 2002; 
Flemming et al., 2007; Karatan and Watnik, 2009; Flemming and Wingender, 2010). Several 
definitions for EPS have been given in the past. Geesey (1982) for example described EPS as 
“extracellular polymeric substances of biological origin that participate in the formation of 
microbial aggregates”. Characklis and Wilderer (1989) defined EPS as “organic polymers of 
microbial origin which in biofilm systems are frequently responsible for binding cells and 
other particulate materials together (cohesion) and to the substratum (adhesion)”. In 
general EPS are composed of a variety of macromolecules, including polysaccharides, 
proteins, DNA and (phospho-) lipids and can account for over 90 % of the biofilm dry weight 
(Wingender et al., 1999; Flemming and Wingender, 2010). In early studies, polysaccharides 
were the main target for analysis, as they have been assumed to be the main constituents of 
EPS. Hence, “EPS” were formerly considered “exopolysaccharides” or “extracellular 
polysaccharides”. However, further studies showed that proteins and extracellular DNA 
(eDNA) can be found in similar or even higher concentrations within EPS of environmental 
biofilms compared to polysaccharides (Platt et al., 1985; Jahn and Nielsen, 1995; Frølund et 
al., 1996).  
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Numerous functions have been ascribed to the EPS and elucidate their importance in all 
stages of biofilm formation. EPS are essential components during microbial adhesion to 
surfaces, aggregation of cells as well as cohesion of biofilms (Wingender et al., 1999). They 
form a three-dimensional micro-environment, in which organisms are temporarily 
immobilised. The nature and quantity of the individual EPS components determine the 
architecture of a biofilm, as well as living conditions for its residents (Flemming and 
Wingender, 2010).  
The EPS matrix is the key agent providing protection for microorganisms against 
environmental stress. The EPS can for instance provide nutrients for the residing 
microorganisms due to their ability to adsorb and store organic matter from the water phase 
(Decho and Lopez, 1993; Decho, 2000; Flemming, 2002). Especially in oligotrophic 
environments such as drinking water distribution systems, which provide only low 
concentrations of organic matter, this trait can be vital for the survival of biofilm organisms. 
The low amounts of organic substances present in the water phase can be adsorbed by 
hydrophobic polysaccharides and proteins, and in this way the biofilm matrix can serve as a 
nutrient reservoir for microorganisms (Sutherland, 2001; Leis and Flemming, 2002). Channel 
systems within biofilms allow for distribution of nutrients as well as metabolites into all 
regions of the biofilm and also allow exchange of metabolites with the surrounding bulk 
solution (de Beer et al., 1994; Stoodley et al., 1994; Costerton, 1995; Sutherland, 2001). The 
utilization of organic matter as nutrients can, depending on the complexity of the 
substances, pose a challenge for the microorganisms. A common feature of biofilms is the 
establishment of synergistic microconsortia in which microorganisms can engage in 
metabolic cooperations, allowing for degradation of very diverse and complex organic 
substrates as nutrient and energy source, for example during anaerobic digestion of sludge 
accumulated during wastewater treatment (Davey and O’Toole, 2000) or microbial 
nitrification (Okabe et al., 1999). Extracellular enzymes play an important role in the 
metabolism of high-molecular polymeric substances. The EPS matrix has been shown to 
retain and stabilize hydrolytic enzymes, allowing for predigestion of diverse polymers and 
utilization of a wide variety of organic substances (Tielen, 2006). In case of nutrient 
deficiency, the EPS matrix itself can be utilized as nutrient source, ensuring survival of 
biofilm organisms (Decho and Lopez, 1993; Decho, 2000; Flemming, 2002). 
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The EPS matrix can, furthermore, represent a protection barrier against biocides, such as 
antibiotics or disinfectants, toxins, exoenzymes or toxic metals (Costerton et al., 1987; de 
Beer et al., 1994; Suci et al., 1994; Wingender et al., 1999; Flemming, 2002; Szewzyk and 
Szewzyk, 2003; Stoodley et al., 2004). While planktonic cells may be relatively easily 
inactivated for example by disinfectants, biofilm cells embedded in the EPS matrix require 
more intense measures, due to different mechanisms through which they can withstand 
biocides (Szewzyk and Szewzyk, 2003). One mechanism for the enhanced resistance is for 
example reaction-diffusion inhibition of antimicrobial agents into the biofilm (de Beer et al., 
1994; Suci et al., 1994). Chemical reactions of biocides with EPS components such as 
extracellular polysaccharides or with enzymes, for instance catalases degrading H2O2, which 
can be produced as stress response by inherent microorganisms, may decrease the biocide 
concentration up to a limit, at which it poses no threat to the microorganisms (Suci et al., 
1994; Watnick and Kolter, 2000). Presence of toxic metal ions has been shown to promote 
EPS production as means to compensate for toxic stress. The EPS components contain 
functional groups, such as carboxyl, amino, hydroxyl, acetyl or phosphate groups, which can 
interact with metal cations to form metal-complexes. In this way toxic metals are 
immobilised within the biofilm matrix, and thus, rendered harmless for the biofilm 
organisms (White and Gadd, 1998, 2000). Not only chemical reactions of biocides with 
biofilm components provide means for increased survival of biofilm microorganisms, also 
physiological and phenotypic changes occur within a biofilm, allowing for higher stress 
tolerance compared to planktonic cells (Gilbert et al., 1990). 
Moreover, EPS can protect biofilm organisms from desiccation (Roberson and Firestone, 
1992; Potts, 1994). Drying events can lead to loss of intracellular water, which few single 
organisms can temporarily tolerate and counteract by increasing intracellular solute 
concentrations, for example by absorption of salts or by producing compatible solutes such 
as amino acids, trehalose or betaines (Measures, 1975; Harris, 1981; Lapeña et al., 1987; 
Harland et al., 2009). The biofilm matrix, however, offers the residing organisms a habitat, 
which withstands desiccation for prolonged periods of time. The EPS matrix acts 
hygroscopically, attracting and retaining water from the environment, and may cause water 
contents > 99 % of the biofilm wet weight (Roberson and Firestone, 1992; Flemming and 
Wingender, 2010). Water retention has been shown to be significantly increased in 
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environments if biofilms are involved. Rosenzweig et al. (2012) indicated that EPS 
components in soils can increase the water content by 270 % of its value compared to pure 
soil. Results by Roberson and Firestone (1992) suggested that gene expression during drying 
events is altered in terms of an increased polysaccharide production, in order to store 
increased amounts of water, and thus, enhancing the survival of biofilm organisms.  
Retention of genetic information within the EPS matrix is a further characteristic of microbial 
biofilms. The diversity of microorganisms within environmental biofilms, which can be 
comprised of a variety of different bacteria or archaea, as well as algae, fungi or protozoa, 
results in a large and concentrated pool of genetic information, facilitating horizontal gene 
transfer among biofilm organisms (Flemming et al., 2007; Madsen et al., 2012). Transfer of 
genetic material among microorganisms is important for the development of new genetic 
traits and for the evolution of any organism. Uptake of certain genes can for example lead to 
the acquisition of resistance towards certain antibiotics (Fux et al., 2005). Microorganisms 
within biofilms have been shown to exhibit accelerated rates of uptake of genetic material 
compared to planktonic cells (Angles et al., 1993; Hausner and Wuertz, 1999; Molin and 
Tolker-Nielsen, 2003; Madsen et al., 2012). The close proximity of cells and the retention of 
genes within the EPS matrix provide enhanced conditions for horizontal gene transfer and 
allow biofilm organisms to adapt faster to environmental changes compared to planktonic 
cells.  
Hence, the EPS matrix provides biofilm organisms an ideal habitat to co-exist, interact and 
form long-term microcosortia. 
 
1.2.1 EPS components 
- Extracellular proteins - 
Extracellular proteins are considered to have their main function as enzymes, which are 
associated with the cell surface or which accumulate in the biofilm matrix. Several enzyme 
classes have been determined in different kinds of environments, such as natural biofilms, 
activated sludge or wastewater biofilms (Tab. 1.1). The enzymes classes detected included 
polysaccharidases, proteases, lipases, esterases, peptidases, glycosidases, phosphatases, 
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nucleases and oxidoreductases (Wingender and Jaeger, 2002; McDougald et al., 2012). The 
main function of these enzymes is considered to be the degradation of macromolecules or 
particulate matter into low molecular weight substances, which can be taken up and readily 
metabolised by microorganisms. This step is required as only small molecules can be 
transported across cell membranes into the cell. In this way organic matter sequestered 
from the environment by the biofilm matrix, which can substantially differ in complexity, can 
be utilized as nutrient source by biofilm cells. Moreover, in nutrient-limited conditions these 
enzymes can hydrolyse parts of the EPS matrix itself, which can then serve as nutrient 
source, enabling survival under starvation stress. In this case extracellular proteins display 
the role of an external digestive system for the microorganisms (Flemming and Wingender, 
2010). Besides being of metabolic importance for the microorganisms, proteins can serve 
several other functions. Hydrolytic enzymes can for example be excreted by bacteria to free 
themselves from the biofilm once conditions become unfavourable. The enzymes degrade 
parts of the surrounding EPS matrix, leading to a breakdown and sloughing off of biofilm 
parts and liberation of the cells (McDougald et al., 2012). This allows for dispersion of 
microorganisms into new locations and the formation of new biofilms. Dispersin B (DspB) is 
an example of an enzyme involved in the detachment and dispersal of biofilms. DspB is an  
N-acetylglucosaminidase produced by Actinobacillus actinomycetemcomitans, which cleaves 
the 14 glycosidic bonds of N-acetylglucosamine-containing exopolysaccharides, and thus 
participates in the release of biofilm cells from N-acetylglucosamine-containing EPS matrices 
(Kaplan et al., 2003, 2004).  
In addition to their enzymatic function, proteins can also exhibit structural roles within the 
biofilm matrix. Due to the large amount of negatively charged reactive sites, proteins are 
prone to engage in electrostatic cross-linkages with multivalent cations, and thus, increasing 
EPS stability. This type of bridging has been shown to be more pronounced among proteins 
than polysaccharides (Higgins and Novak, 1997; Laspidou and Rittman, 2002). Dignac et al. 
(1998) also suggested that proteins can be involved in hydrophobic bonds within the biofilm 
matrix. A common type of structural proteins within biofilms includes the so-called lectins. 
Lectins are carbohydrate-binding proteins of prokaryotic as well as eukaryotic origin, which 
are highly specific for certain carbohydrate binding sites (Kennedy et al., 1995). Bacterial 
lectins are usually located on surface structures of cells, and can, in the case of pathogens, 
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engage in interactions with carbohydrate residues on eukaryotic host-cells or glycosylated 
macromolecules (Garber et al., 1992). They are involved in biofilm formation and 
stabilization by binding to exopolysaccharides, and thus, providing an anchor between the 
cells and the biofilm matrix (Higgins and Novak, 1997; Tielker et al., 2005). Examples of 
lectins include the galactose-specific LecA, the fucose-specific LecB, or the Psl-binding CdrA 
protein produced by Pseudomonas aeruginosa (Tielker et al., 2005; Mayanski et al., 2012).  
Biofilm-associated-proteins (Bap) and Bap-like proteins represent another family of proteins 
with structural character. This type of proteins has first been described in Staphylococcus 
aureus biofilms. By now this family includes a wide variety of proteins, including the BapA of 
Salmonella enterica, the large adhesion protein (LapA) of Pseudomonas fluorescence and 
Pseudomonas putida, the enterococcal surface protein (Esp) of Enterococcus faecalis and 
AdhA adhesin of Burkholderia cenocepacia (Pamp et al., 2007). Members of this family of 
proteins share several features. They are located on the cell surface, they are of high 
molecular weight, they contain a core domain of tandem repeats, they are involved in 
biofilm formation and infectious processes, and they can be mobilized (Lasa and Penadés, 
2006).  
A further type of structural proteins, which demonstrate important role in biofilm formation 
are amyloids. Amyloids are fibrous, highly insoluble and thermally as well as chemically 
stable proteins containing ß-sheet-rich structures with strands stacked perpendicular to the 
fibril axis (Nelson et al., 2005; Larsen et al., 2007). These structures have been known for 
decades in neurodegenerative diseases like Alzheimer’s or Parkinson’s disease. Recently they 
have been detected in various environmental biofilms, including freshwater biofilms, 
brackish water biofilms, activated sludge biofilms, as well as drinking-water biofilms (Larsen 
et al., 2007). The high abundance of amyloids indicates their importance as EPS matrix 
component in environmental biofilms. Amyloids exhibit diverse functions including adhesion 
of microorganisms to surfaces as well as mammalian and plant cells, they mediate cell-cell 
interactions or provide mechanical stability for biofilms (Chapman et al., 2002; Larsen et al., 
2008; Cegelski et al., 2009; Romero et al., 2009). 
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- Polysaccharides - 
Polysaccharides are high molecular weight carbohydrates comprised of monosaccharides. 
The monomers form long chains, which are joined by glycosidic linkages. Common 
monosaccharides used by bacteria to produce polysaccharides include D-glucose, D-
mannose, D-galactose, D-fucose, L-rhamnose, amino acids and the uronic acids D-glucuronic 
acid, D-galacturonic acid as well as D-mannuronic acid and L-guluronic acid. These 
monomers can either form homo-polysaccharides, which are composed of a single type of 
monosaccharide, or hetero-polysaccharides, which are built up of repeating units of several 
different monosaccharides. A typical example for a homo-polysaccharide is cellulose 
produced for example by Acetobacter xylinum and other bacteria belonging to the genera 
Acetobacter, Rhizobium, Agrobacter or Sarcina (Ross et al., 1991; Kimura and Kondo, 2002). 
It is composed of β-1,4-glycosidic linked D-glucose monomers. Xanthan, which is produced 
by Xanthomonas campestris, is an example for a hetero-polysaccharide. Xanthan is 
composed of a β-1,4-glycosidic linked glucose backbone, as found in cellulose, which in 
addition incorporates a trisaccharide side chain of O-acetylated D-mannose, D-glucuronic 
acid and pyruvate-substituted D-mannose every other glucose monomer at the 3 position 
(Sutherland, 1990). The side chains of polysaccharides can contain organic substituents such 
as O-acetyl or O-succinyl esters and pyruvate ketals, or inorganic residues such as sulphate 
or phosphate (Sutherland, 1990; Sutherland 2001). Composition and structure and, 
therefore, the chemical and physical properties among polysaccharides vary greatly. Most 
polysaccharides are polyanionic due to the presence of uronic acids, such as glucuronic, 
galacturonic or mannuronic acids, or because of ketal-linked pyruvate, all of which 
contribute to the anionic properties of biofilms. Some, however, can also be neutral or even 
polycationic (Sutherland, 2001). Polysaccharides are usually very long and thin molecules 
with molecular weightes between 0.5 – 2 x 106 Da (Sutherland, 2001). Polymerases, which 
are located in the cytoplasmic membrane, interlink monosaccharides and form long chains 
of polysaccharides. These are then actively transported through the cytoplasmic membrane 
into the environment, for instance with the help of the polyisoprenyl-carrier (Sutherland, 
1988). Some polysaccharides, such as dextrans or levans, can also be produced 
extracellularly. A main function of polysaccharides is the formation the three-dimensional 
structure of the biofilm. Cross-linkages between polysaccharide chains determine the 
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mechanical stability of biofilms (Mayer et al., 1999; Wingender, 1999). Additional functions 
with regard to retention, stabilization and protection of enzymes have been attributed to 
polysaccharides. Tielen (2006) could show that lipases secreted by P. aeruginosa were 
retained in the EPS matrix. The enzymes formed complexes with alginate, which was a major 
component of the P. aeruginosa strain applied in the study, by docking with the positively 
charged amino acids arginine and histidine to the negative reactive groups of the polyanionic 
alginate. The lipase-alginate complexes exhibited higher heat tolerance in contrast to 
unbound lipase (Tielen, 2006). 
 
- Extracellular DNA (eDNA) - 
eDNA has been recognised as a constituent of slime produced by microorganisms under 
certain conditions as early as in the 1950s (Smithies and Gibbons, 1955; Catlin, 1956). 
Originally eDNA had been considered to be released due to leakage of the cell membrane 
affected by adverse environmental conditions (Smithies and Gibbons, 1955), or a residual 
released from lysed cells, which is retained within the biofilm matrix (Whitchurch et al., 
2002, Böckelmann et al., 2006). Muto and Goto (1986) reported that bacteria such as  
P. aeruginosa deliberately produce eDNA, which has transforming capability. Further studies 
have revealed considerable amounts of eDNA in the EPS of environmental biofilms or 
biofilms in technical systems (Nishikawa and Kuriyama, 1968; Platt et al., 1985; Frølund et 
al., 1996; Palmgren and Nielsen, 1996). Whitchurch et al. (2002) provided evidence, that 
eDNA is an important structural component of P. aeruginosa biofilms, necessary for the 
development of a biofilm especially during the early phases of biofilm growth. Their study 
showed that addition of DNA degrading enzymes (DNases) to a culture medium with  
P. aeruginosa prevented biofilm formation, even though bacterial growth was not inhibited. 
Furthermore, up to 60 hours old biofilms of P. aeruginosa treated with DNase were dissolved 
while older biofilms showed only minor alterations to the biofilm structure. eDNA has been 
shown to be a universal EPS component of biofilms, and was detected for example in pure 
culture biofilms of Acinetobacter calcoaceticus, Bacillus subtilis (Lorenz et al., 1991), 
Neisseria gonorrhoeae (Dillard and Seifert, 2001), Streptococcus intermedius (Petersen et al., 
2004), S. aureus (Rice et al., 2007), S. epidermidis (Qin et al., 2007), Shewanella sp. (Pinchuk 
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et al., 2008), Bacillus cereus (Vilain et al., 2009), S. mutans (Das et al., 2010), as well as 
environmental biofilms as found in soils or sediments (Pietramellara et al., 2009) and in 
technical system biofilms such as activated sludge (Dominiak et al., 2011). Studies by 
Böckelmann et al. (2006, 2007) revealed that eDNA was organised in distinct patterns in 
biofilms formed by the bacterial strain F8. This strongly supports the concept that eDNA 
contributes to the spatial structure of biofilms forming an extracellular filamentous network 
of DNA (Flemming et al., 2007). Furthermore, Das et al. (2010) demonstrated the importance 
of eDNA for initial adhesion of microorganisms to surfaces. Further potential roles of eDNA 
in the biofilm matrix have been debated in a discussion session conducted by and 
summarized in Flemming et al. (2007). The retention of eDNA in the biofilm matrix provides 
indication for a facilitated gene exchange within the biofilm. It was also hypothesized that 
these filaments could be used for electron transfer or even communication, and that “it 
seemed as if the cells could move along these filaments, using them as nanowires” 
(Flemming et al., 2007). However, these additional roles of eDNA remain speculations. 
 
- Lipids - 
Though often disregarded in EPS analysis, lipids can also constitute a significant portion of 
microbial EPS. Gehrke et al. (1998) as well as Sand and Gehrke (2006) for example identified 
these polymers to be a major EPS component and crucial for adhesion of Thiobacillus 
ferrooxidans to pyrite surfaces. Phospholipids, glycolipids and neutral lipids have also been 
described as components of activated sludge flocs (Conrad et al., 2003).  
 
1.2.2 EPS matrix formation 
The release of EPS components into the matrix plays a central role in the formation of 
biofilms. The release can occur actively, by secretion of the macromolecules through the 
inner and outer membranes of a cell, by formation and release of membrane vesicles, or 
passively through cell death and consequential discharge of intracellular material into the 
surroundings.  
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- Active secretion - 
Six active secretion mechanisms have been identified for Gram-negative bacteria, which 
involve complex arrangements of numerous secretory proteins bound to the inner or outer 
cell membrane or spanning across the periplasm, and which form specific pathways for the 
transport of polymers across the membranes (Hueck, 1998; Russel, 1998; Abdallah et al., 
2007; Fronzes et al., 2009). The main features of the different secretion systems are 
depicted in Fig. 1.2. Type I, type II and type V systems secrete polymers into the 
environment, where they can be directly incorporated into the EPS matrix. Type I systems 
have been identified as pathways for the secretion of proteins as well as polysaccharides 
(Bliss and Silver, 1996; Drummelsmith and Whitfield, 2000; Tseng et al., 2009), whereas type 
II and type V systems have only been described to release proteins (Chen et al., 2009; Tseng 
et al., 2009). Type III, type IV and type VI pathways, on the other hand, mediate microbe-
host interactions, for example transferring effector proteins or virulence factors, which may 
modify host cell functions or, in case of type IV systems, be involved in the exchange of 
genetic material (Tseng et al., 2009). Despite the differences in membrane structure, Gram-
positive bacteria have developed some of the same secretory pathways as found in Gram-
negative bacteria. Additionally, an alternative type VII system specific for Gram-positive 
bacteria has recently been described for Mycobacteria and Streptomyces coelicolor, allowing 
for translocation of macromolecules through their hydrophobic and hardly permeable cell 
wall (Abdallah et al., 2007; Tseng et al., 2009; San Roman, 2010).  
 
 
 
 
 
 
Figure 1.2: Secretion systems identified in Gram-negative and/or Gram-positive bacteria. HM: host membrane; 
OM: outer membrane; IM: inner membrane; MM: mycomembrane; OMP: outer membrane protein; MFP: 
membrane fusion protein (adapted by permission from BioMed Central Ltd: Tseng et al., 2009). 
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- Membrane vesicles - 
Membrane vesicles represent a further export mechanism for polymers, such as proteins, 
polysaccharides, nucleic acids, lipopolysaccharides or phospholipids, which is found in Gram-
negative bacteria (Kuehn and Kesty, 2005) and archaea (Ellen et al., 2009). Membrane 
vesicles, in case of Gram-negative bacteria, are spherical lipid bilayers composed of the cell’s 
outer membrane. The outer cell membrane forms a bleb which incorporates periplasmic 
constituents and which is then released into the environment. In case of archaea, this bleb is 
composed of tetraether lipids, which are coated with an S-layer (Ellen et al., 2009). This type 
of secretion has been described for a number of organisms, often of pathogenic character, 
including E. coli, P. aeruginosa, Campylobacter jejuni, Helicobacter jejuni, Salmonella spp., 
Shigella spp., Sulfolobus acidocaldarius, S. solfataricus and S. tokodaii  (Hoekstra et al., 1976; 
Logan and Trust, 1982; Kadurugamuwa and Beveridge, 1995; Fiocca et al., 1999; 
Kandurugamuwa and Beveridge, 1999; Vesy et al., 2000; Kuehn and Kesty, 2005; Ellen et al., 
2009). Pathogens have been shown to use this type of secretion to engage in malignant host 
interactions (Kadurugamuwa and Beveridge, 1995; Beveridge et al., 1997; Wingender et al., 
1999; Kuehn and Kesty, 2005). A variety of polymers has been detected within membrane 
vesicles, including hydrolases, proteases, phosphatases, adhesins and toxins (Kuehn and 
Kesty, 2005; Ellen et al., 2009). Due to their structure, membrane vesicles contribute to the 
lipopolysaccharide and/or protein fraction of the EPS and play a potential structural role 
within the matrix (Schooling and Beveridge, 2006). 
 
- Cell lysis - 
Cell death and consequential lysis of cells is a common and necessary element for the 
formation of biofilms and represents another mechanism of polymer discharge (Rice et al., 
2007; O’Connelll, 2007). This type of release can represent a strategic mechanism for fast 
release of the entire intracellular material into the environment as reaction to 
environmental changes, regulated by a genetic program. Bacterial programmed cell death 
has first been reported in E. coli in late 20th century (Naito et al., 1995; Yarmolinsky, 1995). 
The best studied systems for programmed cell death are toxin-antitoxin modules, classified 
into the eight so far identified families ccd, relBE, parDE, higBA, mazEF, phd/doc, vapBC/vag, 
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and which are highly abundant among bacteria as well as archaea (Gerdes et al., 
2005; Pandey and Gerdes, 2005; Engelberg-Kulka et al., 2006). “Normal” environmental 
conditions allow for a simultaneous expression of genes encoding for both, the toxin and the 
corresponding antitoxin, inhibiting the action of the toxin. Stress conditions, however, result 
in the deliberate arrest of expression of both genes. Since the antitoxin is more labile than 
the toxin, the action of the toxin is no longer inhibited and growth arrest or cell death occurs 
(Engelberg-Kulka et al., 2006). For single cells these mechanisms appear disadvantageous, 
however, biofilm communities can highly benefit from the death of a subpopulation (Webb 
et al., 2003). Starvation for instance can trigger programmed cell death of a subpopulation, 
providing nutrients for the remaining population, and thus, enabling their survival 
(Engelberg-Kulka and Hazan, 2003). Recent studies indicated that programmed cell death 
may be a mechanism important for biofilm formation, which enables the release of 
structural EPS components, in particular DNA, into the biofilm matrix (Rice et al., 2007; 
O’Connell, 2007). Furthermore, dispersion of cells from mature biofilms can be induced by 
the death of a subpopulation, releasing EPS degrading enzymes, and thus, liberating cells 
from the matrix (Garcia-Contreras et al., 2008; Rice et al., 2009; Sillankorva et al., 2010; 
McDougal, 2012). 
 
1.2.3 Mechanical stability of biofilms 
Environmental or industrial biofilms often encounter external perturbations in the form of 
mechanical forces such as shear. Despite their slimy appearance, biofilms exhibit impressive 
resilience towards these forces, while offering an adequate habitat for microorganisms to 
reside. The EPS composition determines mechanical stability of biofilms. Macromolecules 
like polysaccharides, proteins, DNA and lipids interact with themselves or with one another 
and form a complex three-dimensional network, which enforces cohesion and adhesion of 
the biofilm (Fig. 1.3; Flemming and Wingender, 2010). Multivalent cations can further 
enhance cross-linkages of otherwise repelling, negatively charged reactive groups of 
polymers (Busch and Stumm, 1968; Steiner et al., 1976; Mayer et al., 1999; Körstgens et al., 
2001). 
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Figure 1.3: Model of a biofilm formed on a surface, showing a) its structure, b) the main EPS constituents, and 
c) physicochemical interactions determining mechanical stability of biofilms (adapted by permission from 
Macmillan Publishers Ltd: Flemming and Wingender, 2010). 
 
Three types of forces play the major role for the cohesion of macromolecules in biofilms 
(Mayer et al., 1999). London forces can occur in nonpolar molecules if their electron density 
is unevenly distributed. This results in the formation of a temporary multipole, which causes 
attraction. The binding energy is approximately 2.5 kJ mol-1 but can be weakened by surface-
active substances. Electrostatic interactions are further types of binding forces formed 
between ions or permanent and induced dipoles. Multivalent cations, such as Ca2+ or Mg2+, 
are responsible for relatively strong interactions. The binding energy ranges between 12 and 
29 kJ mol-1 depending on the distance between the binding partners. Ionic strength, 
complexing agents as well as acids or bases can influence electrostatic interactions (Mayer et 
al., 1999). The third major type of bonds, which are active in the biofilms, are hydrogen 
bonds. This type of interaction exists between an electronegative atom and a hydrogen atom 
bound to another electronegative atom. In the biofilm matrix this type of bonding often 
occurs between hydroxyl groups, as found in polysaccharides, and water molecules. The 
binding energy ranges between 10 and 30 kJ mol-1. Chaotropic agents such as urea, 
tetramethyl urea or guanidine hydrochloride can influence these forces (Flemming and 
Wingender, 2003).  
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These three types of bonds show relatively low binding forces compared for example to 
covalent bonds. Due to the large amount of binding sites, however, the total binding forces 
may result in equivalent and even higher values compared to covalent bonds (Mayer et al., 
1999; Flemming and Wingender, 2003). 
 
1.3 Biofilms in drinking water distribution systems 
Biofilms are ubiquitous in environmental as well as technical systems in contact with water. 
Drinking water distribution systems offer diverse surfaces, which are common targets for 
biofilm formation. Starting from the extraction point of raw water, biofilms can be found 
throughout the drinking water production chain, including inner walls of pipes, the different 
stages of water treatment, valves or water storage tanks, all the way to the consumer’s tap 
(Kilb et al., 2003; Schmeisser et al., 2003; Schwartz et al., 2003; Bagh et al., 2004; Emtiazi et 
al., 2004; Wingender and Flemming, 2004; Hoefel et al., 2005; Bressler et al., 2009; Moritz et 
al., 2010; Waines et al., 2011; Wingender, 2011; Flemming et al., 2012). The extent and 
microbiological and biochemical composition of these biofilms can vary greatly depending 
on the water source, organisms present, colonized surface or environmental conditions such 
as pH, water temperature, hydrodynamic parameters, available nutrients or disinfectants 
(Roeder et al., 2010a; Flemming et al., 2012). Flemming et al. (2002, 2012) estimated that 95 
% of the overall biomass within drinking water systems can be found attached to surfaces. 
Due to its oligotrophic conditions drinking water systems permit only limited biofilm 
development and growth occurs until a plateau phase is reached, which does not interfere 
with water quality. This plateau phase is controlled by factors like shear forces, temperature 
and nutrients (Flemming, 2011). A number of studies have investigated the extent of biofilm 
formation on pipe surfaces of drinking water distribution systems or on coupons submerged 
in drinking water. These studies determined total cell counts in the range of 104 and 108 cells 
cm-2, while culturability was significantly lower between 101 and 106 cfu cm-2 (LeChevallier et 
al., 1987; Block et al., 1993; Kalmbach et al., 1997; Wingender and Flemming, 2004; 
Långmark et al., 2005a; Moritz et al., 2010). Once availability of nutrients is increased, for 
example through insufficient drinking water treatment or when materials containing 
biodegradable ingredients are implemented, excessive biofilm growth can occur and lead to 
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sloughing off of biofilm parts with subsequent contamination of the water phase (Flemming, 
2002). In a case study Kilb et al. (2003) identified rubber coated valves as potential point 
sources for continuous contamination of drinking water in different drinking water 
distribution systems in north-west and north Germany. The surfaces of these valves, which 
were made of ethylene-propylene-diene monomer (EPDM) rubber, inhabited elevated 
numbers of microorganisms with total cell counts between 106 and 109 cells cm-2. EPDM 
rubber materials are frequently used in drinking water distribution systems, for example for 
valves or sealings. However, it has been shown that certain formulations of these synthetic 
materials leach considerable amounts of nutrients, which can be readily utilized by 
microorganisms and, thus, lead to significant biofilm development (Rogers et al., 1994; Kilb 
et al., 2003).  
According to the German Drinking Water Ordinance, drinking water is supplied in food-
quality and water suppliers need to guarantee chemically and microbiologically stable 
drinking water up to the water meter of a plumbing system. However, by the time the water 
reaches the consumer’s tap, the water can be substantially altered in quality compared to 
the water leaving the water works (Pepper et al., 2004; Flemming et al., 2012). Since 
drinking water distribution systems are systematically monitored, beginning from the 
abstraction point up to the water meter, the major source of concern remain public and 
domestic plumbing systems. Plumbing systems are, according to regulations, responsibility 
of the owner of a building (TrinkwV, 2011). The materials used for plumbing systems can 
differ to those used in drinking water distribution systems and include elastomers, synthetic 
materials, copper or stainless steel (Kistemann et al., 2010). Also materials may be 
implemented, which are not suitable or unapproved for the use in drinking water systems 
(Schauer et al., 2008; Kistemann et al., 2010; Flemming et al., 2012). Increased biofilm 
development may be supported due to the wrong choice of material. Auxiliary equipment, 
such as water softeners, filters, or phosphate dosage devices, has also been shown to 
increase the risk of enhanced biofilm formation (Völker et al., 2010). Conditions within 
household installations can differ significantly from those in a water distribution system. 
Domestic installations can include dead ends, resulting in points of stagnating water, and 
also longer retention times of water are not uncommon, for example during vacations, both 
of which allow for biofilm formation under low shear stress (Lautenschlager et al., 2010; 
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Flemming et al., 2012). Water temperature can be elevated in plumbing systems compared 
to the drinking water distribution systems, due to the pipe’s passage of heated rooms or 
close proximity to warm water systems, especially if the pipe’s insulation is poor (Flemming 
et al., 2012). These factors can result in conditions favouring a different biofilm flora. 
Biofilms in drinking water distribution or plumbing systems are mainly formed by 
autochthonous microorganisms, which are generally harmless to human health (Wingender, 
2011; Flemming et al., 2012). This includes members of the groups of α-, ß-, and γ-
Proteobacteria, as well as Actinobacteria, Bacteroides, Firmicutes or Nitrospirae (Schmeisser 
et al., 2003; Hoefel et al., 2005; Eichler et al., 2006; Bai et al., 2010; Yu et al., 2010). 
However, recent studies have demonstrated the potential of drinking-water biofilms to 
accommodate hygienically relevant microorganisms, which under unfavourable conditions 
can pose a threat to human health (Szewzyk et al., 2000; Flemming et al., 2002; Bressler et 
al., 2009; Moritz et al.,2010). Hygienically relevant microorganisms such as coliform bacteria, 
which are indicators of faecal contamination, have been shown to reside in these biofilms 
(Flemming et al., 2002; Kilb et al., 2003; Wingender and Flemming, 2011). Also opportunistic 
pathogens like P. aeruginosa or Legionella pneumophila (Rogers et al., 1994; Flemming et al., 
2002; Bressler et al., 2009; Moritz et al.,2010), which are known to be involved in severe 
cases of pneumonia, as well as Aeromonas, Campylobacter, Cryptosporidium, Helicobacter, 
or Mycobacterium species (Berry et al., 2006; Yu et al., 2010; Wingender, 2011), or viral 
pathogens (Skraber et al., 2005; Berry et al., 2006; Wingender and Flemming, 2011) can be 
incorporated and reside in biofilms for prolonged periods of time. The influence of these 
microorganisms on biofilm or EPS composition, however, has not been investigated so far. 
Microbiological requirements for drinking water quality are based on cultivation on diverse 
media, aiming at the determination of indicator parameters, such as colony counts of 
heterotrophic microorganisms, or microbiological parameters, such as presence of 
culturable coliform bacteria, Escherichia coli and enterococci, as well as P. aeruginosa or the 
recently added Legionella spec. within the water phase (TrinkwV, 2011). Cultivation 
techniques, however, are selective for certain microorganisms and, therefore, do not reflect 
the total population of a microbial community (Amann et al., 1995; Moritz et al., 2010; 
Wingender, 2011; Wingender and Flemming, 2011). The vast majority of microorganisms 
cannot be cultivated on standard media and, moreover, adverse environmental conditions 
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may induce the transition of microorganisms into a viable but nonculturable (VBNC) state, 
resulting in an underestimation of the total microbial flora (Kalmbach et al., 1997; 
Wingender, 2011). The VBNC state is defined as a state, in which bacteria “fail to grow on 
the routine bacteriological media on which they would normally grow and develop into 
colonies, but are alive and capable of renewed metabolic activity” (Oliver, 2005) and has 
been of particular interest in recent studies investigating biofilms in drinking water systems. 
Moritz et al. (2010) showed that P. aeruginosa can be incorporated and survive for 
prolonged periods in drinking-water biofilms, and indicated that P. aeruginosa may enter the 
VBNC state if grown in installations made of copper. Dwidjosiswojo et al. (2011) confirmed 
the transition into the VBNC state due to copper, showing complete inactivation of  
P. aeruginosa in 10 µM copper solutions and successful resuscitation once copper ions were 
complexed by diethyldithiocarbamate. This state poses a risk for human health, since  
P. aeruginosa would remain undetected by routine drinking water analyses, especially in 
plumbing systems, which often include copper materials. Microbial growth on the surfaces 
of drinking water installations in the form of biofilms is not considered by routine 
examinations. However, biofilms may serve as a reservoir for hygienically relevant 
microorganisms and can be reason for continuous contaminations with on a routine basis 
undetected pathogens (Wingender, 2011).  
 
1.4 Methods for biofilm and EPS analysis 
The analysis of biofilms and their EPS represents a challenging field of research. There is no 
single method able to completely characterize the different facets of a biofilm. Instead 
interdisciplinary work is required, including microbiology, molecular biology, biochemistry, 
physical chemistry, analytical chemistry, engineering and modelling to be able to thoroughly 
investigate the nature of biofilms. Various techniques have been developed or adapted for 
biofilm research, aiming at the identification of the microbial or (bio-) chemical composition, 
the architecture or processes occurring within a biofilm (Denkhaus et al., 2007).  
Biofilms are rarely investigated in detail in their natural habitat. The usual case is to recreate 
environmental biofilms in the laboratory under standardized conditions or preferably 
simulating growth conditions found in the biofilm’s native environment. Biofilm analysis, 
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therefore, begins with the cultivation of model biofilms, adjusting temperature, pH, 
substratum, nutrients or other physicochemical properties to produce true-to-life 
conditions. Flow cells or reactors, or batch systems, such as microtitre plates or fermenters 
are commonly applied in the laboratory as means for biofilm studies (Denkhaus et al., 2007). 
A number of systems have been developed to investigate biofilm formation by drinking 
water organisms, including the rotating disc reactor (Murga et al., 2001), the PropellaTM 
reactor (Appenzeller et al., 2001), glass flow-through reactors (Bressler  et al., 2009), or 
stainless-steel flow-through reactors (Moritz et al., 2010), or units, which can be directly 
incorporated into laboratory-scale test systems as well as full-scale drinking water 
distribution systems, such as the Robbins device (Manz et al., 1993), the Bioprobe monitor 
(LeChevallier et al., 1998), the Prevost coupon (Prévost et al., 1998), the sliding coupon 
holder (Chang et al., 2003), the biofilm sampler (Juhna et al., 2007) or the Pennine Water 
Group (PWG) coupon (Deines et al., 2010). These systems allow for insights into the different 
aspects of biofilm life.  
 
1.4.1 Tools to study biofilm composition 
Biofilms are heterogeneous agglomerations of microbial cells embedded in a highly hydrated 
matrix of EPS. The most basic parameters applied for biofilm characterization are 
gravimetrical determinations of the biomass’ wet and dry weight, total cell count or 
determination of the culturability of biofilm organisms on cultivation media, and give a 
general overview of the formed biomass. More advanced methods for identification and 
quantitation of biofilm organisms, as well as the polymers, which constitute their EPS matrix 
give detailed information important for understanding of structural, functional or ecological 
aspects of biofilm existence, and are presented in this section.  
 
- Population analysis – 
Molecular biology techniques allow for cultivation-independent characterization of multi-
species biofilm communities, omitting the cultivation bias on standard cultivation media. 
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Denaturing gradient gel electrophoresis (DGGE) is the most widely applied method to 
analyse population diversity. This method separates polymerase chain reaction (PCR)-
amplified 16S rDNA fragments isolated from multi-species communities based on their 
guanine/cytosine content-mediated resistance to denaturation, and thus, provides a 
diversity fingerprint for a specific biofilm community (Muyzer et al., 1993). DNA-bands 
excised from DGGE-gels can be further processed for sequencing to identify the 
corresponding microbial species. DGGE has been applied in a number of drinking-water 
biofilm related studies. Emtiazi et al. (2004) as well as Hoefel et al. (2005) investigated the 
community composition of drinking-water biofilms during different stages of drinking water 
treatment. Bressler et al. (2009) analyzed the population diversity of biofilms cultivated on 
EPDM coupons, which were inserted into glass reactors and continuously perfused with 
drinking water from a plumbing system. Deines et al. (2010) examined dynamics in 
population diversity in drinking-water biofilms grown for up to 11 days in a model drinking 
water distribution system. DGGE analysis also revealed that the choice of plumbing material 
as well as long-term disinfection have a significant impact on the composition of the biofilm 
community (Roeder et al., 2010a,b). Hence, DGGE is a powerful tool to examine the 
microbial diversity of complex mixed-culture biofilms, as well as population shifts in 
response to altered environmental conditions or stress. Along with DGGE, methods like 
terminal restriction fragment length polymorphism (T-RFLP) (Martiny et al., 2003; Pavissich 
et al., 2010), single-strand conformation polymorphism (SSCP) (Eichler et al., 2006) or 
intergenic transcribed spacer (ITS) region analysis (Pozos et al., 2004) are potential molecular 
biological methods to study microbial diversity in biofilms, and which have been employed in 
population analyses in drinking water systems. 
Other molecular biology techniques, like real-time quantitative PCR (RT-qPCR) or 
fluorescence in situ hybridization (FISH) are capable to specifically target groups of 
organisms of choice within a mixed culture sample. RT-qPCR employs a similar strategy as 
conventional PCR, using species-specific primers in combination with a fluorescent DNA 
marker, which allows for simultaneous quantitative measurement of the amplification, as 
well as inference of the initial concentration of the target gene sequence in a sample. FISH 
involves fluorescently-labeled oligonucleotide probes complementary to a specific DNA or 
RNA region of the target organism, which selectively bind to, and visualize the target. Both 
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techniques have been shown to allow detection and quantification of hygienically relevant 
microorganisms in the drinking water environment, including the groups of Proteobacteria, 
Legionella spp. or P. aeruginosa (Manz et al., 1992, 1993, 1995; Kalmbach et al., 1997; Batté 
et al., 2003; Schwartz et al., 2003; Fiume et al., 2005; Wellinghausen et al., 2005; Wullings 
and van der Kooij, 2006; Declerck et al., 2009; Mathieu et al., 2009; Moritz et al., 2010). In 
addition to the quantitative assessment, FISH can be applied to investigate spatial 
localization of the target organism within a fully hydrated biofilm matrix (Schramm et al., 
1996; Manz et al., 1999; Okabe et al., 1999; Nielsen et al., 2000; Thurnheer et al., 2004; 
Okabe et al., 2005; Bressler, 2008).  
 
- EPS isolation - 
The common approach for the analysis of EPS requires a separation of the EPS matrix from 
the embedded microorganisms. The isolation of EPS is a crucial step for the analysis of 
biofilms and their EPS, since the efficiency of the isolation method influences the outcome of 
any subsequent analysis. An ideal isolation technique would be one that extracts the 
complete fraction of EPS from biofilms, while disruption of cells, which would lead to 
contamination of EPS with intracellular components, is completely avoided. Such a 
technique does not exist, hence, EPS isolation remains a compromise of maximizing the 
yields of isolated EPS while detrimental impact on biofilm cells is kept at a minimum. The EPS 
isolation method needs to overcome the binding forces within the biofilm for a thorough 
separation of EPS from cellular material. The aim is to destabilize the EPS matrix through 
application of a physical force, leading to the break of chemical bonds, or by addition of 
chemicals, to remove cross-linking multivalent ions and/or to cause a pH shift, which 
weakens the binding forces within the EPS and helps to solubilize its components. Commonly 
used EPS isolation techniques include chemical methods, e.g. treatment with NaOH (e.g. 
Brown and Lester, 1980; Karapanogiotis et al., 1989; Tapia et al., 2009), formaldehyde (e.g. 
Liu and Fang, 2002), EDTA (e.g. Platt et al., 1985; Liu and Fang, 2002; Tapia et al., 2009), or 
crown ether (e.g. Wuertz et al., 2001; Aguilera et al., 2008), physical methods, such as (high-
speed) centrifugation (e.g. Brown and Lester, 1980; Wingender et al., 2001; Liu and Fang, 
2002), sonication (e.g. Brown and Lester, 1980; Azeredo et al., 1999), filtration (e.g. Hejzlar 
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and Chudoba, 1986), or heating/boiling (e.g. Brown and Lester, 1980; Forster and Quarmby, 
1995) or combinations of chemical and physical methods, in particular the use of a cation 
exchange resin (CER) (e.g. Jahn and Nielsen, 1995; Frølund et al., 1996) (Tab. 1.2). These 
techniques have been applied over past decades in a number of studies, mostly dealing with 
pure culture biofilms or activated sludge (Nielsen and Jahn, 1999; Liu and Fang, 2003; Sheng 
et al., 2010). Possible cell lysis induced by the isolation methods has often been disregarded, 
even though this can substantially alter and falsify results (Nielsen and Jahn, 1999).  
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- EPS quantification - 
Colorimetric of fluorometric measurements are common methods to quantify EPS 
components (Tab. 1.3). The general principle of these assays is the reaction of the respective 
EPS component with chemicals to form products or complexes, which, in the case of 
photometric assays, absorb light of a certain wavelength, or in the case of fluorometric 
assays, are excited by light of a certain wavelength, while emitting light of a longer 
wavelength. These methods allow for a general estimation of the overall quantity of EPS 
components as sum parameter, relative to an appropriate standard. Furthermore, 
photometric or fluorometric assays are routinely used for the quantification of enzyme 
activities and can be adapted for total biofilm or EPS studies (Wingender and Jaeger, 2002). 
Examples of enzyme activities determined in the EPS of microbial biofilms are given in  
Tab. 1.1.  
 
Table 1.3: Photometric or fluorometric assays used for the quantification of EPS components. 
EPS component Main reagent(s) Reference 
Proteins Alkaline copper, Folin-Ciocalteu 
reagent 
Alkaline copper / SDS, Folin-
Ciocalteu reagent 
Bicinchoninic acid 
Coomassie Brilliant Blue G-250 
Ninhydrin 
Lowry et al. (1951) 
 
Peterson (1977) 
 
Smith et al. (1985) 
Bradford (1976) 
Rosen (1957) 
Carbohydrates H2SO4 / phenol  
Anthrone 
Dubois et al. (1956) 
Morse (1947) 
Uronic acids m-Hydroxydiphenyl Blumenkrantz and Asboe-Hansen (1973) 
Filisetti-Cozzi and Carpita (1991) 
DNA DAPI 
Diphenylamine 
PicoGreen 
Brunk et al. (1979) 
Burton (1956) 
Ahn et al. (1996) 
Singer et al. (1997) 
Lipids H2SO4 / phospho-vanillin Frings et al. (1972) 
Lipopolysaccharides H2SO4, HIO4, NaAsO2, 
thiobarbituric acid  
Karkhanis et al. (1978) 
Humic acids Modified Lowry assay Frølund et al. (1995) 
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- Electrophoretic and chromatographic EPS analysis - 
Qualitative analysis of EPS components requires additional clean-up and separation steps of 
the respective group of polymers to allow for their characterization. Electrophoretic or 
chromatographic approaches, such as one- or two-dimensional gel electrophoresis, 
denaturing gradient gel electrophoresis, thin-layer chromatography (TLC), gas 
chromatography (GC) or high performance liquid chromatography (HPLC),  have been 
developed or adapted in order to analyse the biofilm matrix.  
Qualitative analysis of proteins is usually performed by one-dimensional or two-dimensional 
gel electrophoresis (1DE and 2DE, respectively). 1DE is a rapid method to separate proteins 
by size on a polyacrylamide gel and is adequate to obtain band-patterns for protein samples. 
This method, however, is limited to samples with a low diversity of proteins. Complex 
samples require more sophisticated methods to achieve a thorough separation of the entire 
proteome. The development of 2DE, as it is applied nowadays, provides a by far more 
sensitive technique to study protein samples. 2DE separates proteins in the first dimension 
according to their charge by isoelectric focusing (IEF), before they are further separated by 
molecular weight using sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE) in the second dimension. This allows for separation of over 5000 proteins on a single 
gel and provides a detailed fingerprint of the sample’s proteome (O’Ferrell, 1975; Görg et al., 
2004). Subsequent spot analysis for example by matrix-assisted laser desorption ionisation 
mass spectrometry (MALDI-MS) or electrospray ionisation mass spectrometry (ESI-MS) 
allows identification of the proteins (Denkhaus et al., 2007).  A weakness of this method, 
however, is the low throughput of samples, the reproducibility due to gel-to-gel variations, 
the limited amount of mass spectra in databases and potential interferences of non-
proteinaceous compounds with the IEF step. This is especially of significance for the analysis 
of extracellular proteins. Studies identifying EPS proteins are very scarcely represented in 
literature and up to date EPS proteins from drinking-water biofilms have not been described 
qualitatively. Furthermore, the EPS matrix can contains substances, which interfere with IEF 
(Rémy et al., 2000; Görg et al., 2004). IEF is the most delicate step during 2DE, being very 
sensitive to impurities within the protein sample. Broekman (2009) described the immensely 
detrimental effect of alginate from P. aeruginosa on IEF as well as on conventionally applied 
methods for protein purification for IEF, and eliminated alginate by ultrafiltration. Also 
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nucleic acids or high salt contents are known to interfere with the IEF by clogging pores of 
the gel or providing a high current during IEF, respectively (Rémy et al., 2000; Görg et al., 
2004). DNase treatment to digest interfering DNA and subsequent dialysis to reduce salt 
content and to remove low molecular weight organic substances are means for protein 
clean-up for IEF. 2DE is not only applied to identify the proteome of a culture, it is in 
particular applied to compare protein expression under different cultivation conditions or 
environmental stress. In this case, however, a large number of technical and biological 
replicates needs to be performed to be able to exclude gel-to-gel variations or variations 
within the same samples. In the attempt to overcome this problem, advancements resulted 
in the recent development of the 2D difference gel electrophoresis (2D-DIGE) (Ünlü et al., 
1997; Tonge et al., 2001). This method allows for comparison of a set of proteomes, by 
separation of proteins from two different samples on a single gel, eliminating the need of 
technical replicates. 2D-DIGE software not only detects the presence or absence of proteins, 
it is also capable of quantifying up or down regulation of protein expression in the respective 
set of samples.  
Chromatographic approaches, such as ion exchange or size exclusion chromatography, are 
commonly applied for the separation and purification of proteins from undesired 
contaminants, for instance polysaccharides or nucleic acids, but also for concentration of the 
protein of choice. Chromatography has, furthermore, been described as potent tool for the 
identification of proteins from microbial biofilms. Ram et al. (2005) used an HPLC approach 
in the form of 2D nano-liquid chromatography tandem mass spectrometry to identify 
proteins in a biofilm community from natural acid mine drainage. Recent developments of 
labelling techniques, such as Isotope Coded Affinity Tags (ICAT) (Gygi et al., 1999; Han et al., 
2001), iTRAQ (Ross et al., 2004; Zieske, 2006), or aniline benzoic acid labelling (ANIBAL) 
(Panchaud et al., 2008) in combination with HPLC and mass spectrometry, allow for 
simultaneous qualitative analysis as well as assessment of the relative quantities of proteins 
within multiplexed samples. Application of these techniques for complex environmental 
samples, however, has not yet been reported, but should be considered as promising 
alternatives for the analysis of biofilm proteomes (Schneider and Riedel, 2010).   
Polysaccharide analysis usually involves chromatographic methods to characterize 
polysaccharides by their molecular weight or in terms of their monosaccharide composition. 
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Size exclusion chromatography is widely applied to separate polysaccharides according to 
their molecular weight (Gaborieau and Castignolles, 2011). Modifications of this type of 
chromatography, i.e. size-exclusion capillary electrochromatographic separation, allows for 
separation of polysaccharides as large as 112,000 g mol-1 (Mistry et al., 2003). Identification 
of the qualitative monosaccharide composition of polysaccharides requires hydrolysis of the 
polymer into its monomers. The most common hydrolytic agents applied are acids, such as 
hydrochloric acid, sulphuric acid or trifluoroacetic acid, which degrade polysaccharides at 
high temperatures into its components (Denkhaus et al., 2007). Obtained mono- or 
oligosaccharides can then be separated by chromatography. Identification of the 
exopolysaccharide composition has for example been performed by use of TLC of 
exopolysaccharides from Bacillus thermoantarcticus biofilms (Manca et al., 1996) or  
P. aeruginosa biofilms (Rode, 2004). Dignac et al. (1998) described the sugar composition of 
activated sludge floc polysaccharides applying GC (Dignac et al., 1998). Meisen et al. (2008) 
presented an HPLC in combination with refractive index/UV detection technique for the 
analysis of alginate purified from a P. aeruginosa biofilm.  
 
- Spectroscopic methods - 
A number of spectroscopic methods have been adapted for use in biofilm research. These 
include Fourier-transformed infrared (FT-IR) or Raman spectroscopy, which give information 
on fuctional groups, structural features, conformational changes or adsorption reactions 
within the biofilm matrix with spatial resolution in the micrometer range (Suci et al., 2001; 
Ivleva et al., 2010; Sheng et al., 2010). These spectroscopic methods allow for investigations 
of fully hydrated samples with minimal sample preparation, thus minimizing artifacts caused 
by sample manipulation (Denkhaus et al., 2007). FT-IR in the form of attenuated total 
reflection (ATR/FT-IR) has been applied in a number of biofilm studies, for example to 
analyse adhesion and growth of biofilms under varying conditions (Nivens et al., 1993; 
Schmitt et al., 1995), to investigate the penetration of the antibiotic ciprofloxacin and its 
interaction with EPS components (Suci et al., 1994) or to assess conformational changes of 
EPS proteins in response to variations in solution chemistry (Omoike and Chorover, 2004). 
Raman spectroscopy has been applied for example for comparative studies of S. epidermidis 
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wild-type and mutant biofilms (Samek et al., 2010), as well as P. fluorescens biofilm cells and 
planktonic cells (Huang et al., 2007). A few studies applied combinations of both methods 
for an in-depth analysis of biofilms. Choo-Smith et al. (2001) used ATR/FT-IR as well as 
Raman spectroscopy to investigate microbial colony heterogeneity of different bacterial 
strains, while Suci et al. (2001) analyzed chlorhexidine spatial and temporal distribution in 
Candida albicans biofilms. Recently the Raman spectrometry-based method surface-
enhanced Raman scattering (SERS) has been developed and applied for the analysis of 
biofilms. Ivleva et al. (2010) demonstrated SERS’ applicability for in situ analysis of multi-
species biofilms, biofilm constituents and their spatial distribution. 
Nuclear magnetic resonance (NMR) spectroscopy represents a technique capable of 
providing monomeric (Mayer et al., 2001; Schürks et al., 2002), or structural information of 
isolated polysaccharides (Gruter et al., 1993; Jann et al., 1994) or proteins (Wüthrich, 2001), 
interactions of EPS components with metals (Lattner et al., 2003) or monitoring metabolic 
turnover in cell suspensions (Brecker and Ribbons, 2000). The application of NMR for in situ 
biofilm research, however, has been limited to investigations of water properties (Majors et 
al., 2005; Denkhaus et al., 2007). These studies included determinations of the 
hydrodynamic properties of water at biofilm surfaces (Lewandowski et al., 1992, 1995; Manz 
et al., 2003; Seymour et al., 2004), as well as water diffusion in the EPS matrix (Vogt et al., 
2000). 
 
- Mineral composition - 
Multivalent cations like Ca2+ or Mg2+ are known to play a major role for the mechanical 
stability of biofilms (Körstgens et al., 2001; Wloka et al., 2004). Furthermore, mechanisms 
such as biosorption, precipitation as sulfides or phosphates and microbial reductive 
precipitation are involved in the immobilisation and accumulation of heavy metals within 
biofilms (van Hullebusch et al., 2003). Despite their profound influence on biofilm integrity 
and composition, inorganic substances are often disregarded in biofilm and EPS 
investigations (D’Abzac et al., 2010). Atomic spectrometry, such as atomic absorption 
spectrometry (AAS), or inductively coupled plasma coupled with optical emission 
spectrometry (ICP-OES) or mass spectrometry (ICP-MS) are routine methods used for the 
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quantification of metals in liquid samples. A few studies have adapted these methods to 
investigate metal sorption properties of biofilms. Pretreatment of the biomass by acid 
digestion at high temperatures (White and Gadd, 1996, 1998, 2000), or in combination with 
microwave treatment (Farag et al., 2007; D’Abzac et al., 2010) has been implemented and 
allows for application of the samples for AAS or ICP analyses. Toxic metals like copper, zinc, 
cadmium or lead were common metals of interest in studies of sulphate-reducing mixed 
biofilms, wastewater or activated sludge biofilms (Späth et al., 1998; White and Gadd, 1998, 
2000; Comte et al., 2008; Guibaud et al., 2009). Park and Novak (2007) determined the 
concentrations of Ca, Mg, Fe and Al in activated sludge and evaluated the efficiency of the 
CER Dowex as well as its selectivity towards certain cations, based on the removal of these 
metals during EPS isolation. D’Abzac et al. (2010) applied ICP-OES and ICP-MS for a multi-
element analysis of anaerobic granular sludges. Their study provides a broad-range 
quantification of the mineral fraction of the EPS, including Ca, K, Mg, Na, P, S, Si, Al, Fe, Mn, 
Ni, Cu, As, Ag, Cd and Pb by ICP techniques (D’Abzac et al., 2010). 
 
1.4.2 Tools to study biofilm architecture 
Diverse microscopic methods have been designed to give an insight into the architecture of 
biofilms. Light or epifluorescence microscopy can give a first indication of the structure of 
microbial slime, however, more sophisticated methods, such as those described below, as 
well as combinations of different microscopic methods are required to elucidate the 
complex heterogeneity and spatial distribution of cells, polymers or minerals in fully 
hydrated biofilm samples. 
 
- Electron microscopy - 
Electron microscopy has been developed in the 1930s and provides powerful techniques 
achieving a resolution higher than 50 pm (Erni et al., 2009). These techniques apply an 
electron beam, which interacts with the sample to produce an image. The most widely 
applied methods in biofilm research include scanning electron microscopy (SEM) or 
transmission electron microscopy (TEM). Their applicability for biofilm research has been 
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shown in different studies, for example investigating anaerobic fixed film fermenter biofilms 
(Richards and Turner, 1984), natural aquatic biofilms (Surman et al., 1996), microbially 
influenced corrosion (Steele et al., 1994; Chen et al., 1997) or P. aeruginosa biofilms 
(Priester et al., 2007). The high resolution power of these methods allows not only for 
visualization of microbial cells, also cell organelles, EPS components and minerals can be 
visualized. Coupling of SEM with an energy dispersive x-ray analysis (EDX) generates images 
and quantifies relative concentrations of minerals within the observed sample region (Chen 
et al., 1997; D’Abzac et al., 2010). Despite the high resolution power these techniques have a 
flaw. Sample preparation includes chemical fixation and/or drying, which causes a 
breakdown of the original biofilm structure and produces artifacts (Richards and Turner, 
1984). Advancements of these microscopic methods, such as the development of a gaseous 
secondary electron detector device for environmental SEM (ESEM), allow microscopic 
analysis of fully hydrated samples (Danilatos, 1981, 1983). Theoretically, samples no longer 
have to be fixed or dried for ESEM, however, resolution is lower compared to SEM and by 
the time samples are loaded and observed, drying occurs and alters biofilm structure. 
 
- Confocal laser scanning microscopy - 
Confocal laser scanning microscopy (CLSM) is the by far most applied tool to study the three-
dimensional structure of biofilms and its components. This method allows for investigations 
of a multitude of features in a fully hydrated, multi-layered biofilm sample (Lawrence and 
Neu, 2003). CLSM can be performed in two modes, the rarely applied reflection mode, which 
can give information about minerals, colloids, cell surfaces or cell inclusions (Lawrence and 
Neu, 2003), or the fluorescence mode, which relies on autofluorescence of the sample or 
fluorescent labelling of the sample component of interest. In the latter case, the fluorophore 
is excited by a laser of a specific wavelength, while emitted light of the corresponding 
wavelength is detected, generating an image. The application range covers investigations of 
the autofluorescence of phototrophic algae or cyanobacteria, visualization of the spatial 
distribution of cells or EPS components, identification of microorganisms of interest, viability 
and cell activity, localization of enzyme activity, as well as diffusion, permeability, pH, ions or 
metal studies (Lawrence and Neu, 2003). Multi-channel CLSM analysis allows for 
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simultaneous investigation of several of these parameters. To be able to investigate these 
different aspects of biofilms, a large number of stains have been developed, aiming at 
selective binding to nucleic acids, polysaccharides or proteins, gene-markers, for selective 
visualization of microorganisms of interest, or fluorescent substrates specific for different 
classes of enzymes (Tab. 1.4). Due to their high specificity towards certain carbohydrate 
binding sites (Kennedy, 1995), fluor-conjugated lectins have been of particular use for in situ 
determination of the spatial distribution of polysaccharides in biofilms by CLSM (Neu et al., 
2001, 2005; Strathmann et al., 2002). The specificity of each stain needs to be considered, as 
studies have shown, that the biofilm matrix can inhibit or enhance binding of the 
fluorophores, in particular lectins, to the respective target (Neu et al., 2001). 
 
Table 1.4: Fluorescent stains or markers applied for microscopical analysis of biofilms (adapted and 
supplemented from Strathmann, 2002). 
Target Stain or marker Reference 
Polysaccharides, 
Glycoconjugates 
Alcian blue Wetzel et al., 1997; Karlyshev and Wren, 2001 
Calcofluor white Wood, 1980; von Sengbusch et al., 1982; Marshall, 1992; 
Ramaswamy et al., 1997; Chandra et al., 2001; Kuhn et al., 
2002 
 Congo red Wood, 1980; Allison und Sutherland, 1984; Marshall, 
1992; Lawrence et al., 1998a 
 Ruthenium red Gutierrez-Gonzalvez et al., 1987 
 Fluorescently-labelled 
lectins 
Sizemore et al., 1990; Caldwell et al., 1992; Quintero and 
Weiner, 1995, Hood and Schmidt, 1996; Holloway and 
Cowen, 1997; Neu and Lawrence, 1997, 1999; Langille and 
Weiner, 1998; Lawrence et al., 1998a; Johnsen et al., 
2000; Neu et al., 2001; Wingender et al., 2001; 
Strathmann et al., 2002 
 Peroxidase-marked 
lectins 
Leriche et al., 2000; Strathmann et al., 2002 
 Biotinylised lectins Sanford et al., 1995; Kawaguchi and Decho, 2000 
 Antibodies Costerton et al., 1981; Weiner et al., 1995 
Proteins Hoechst 2495 Paul and Jeffrey, 1985; Neu and Marshall, 1991 
 Nano orange Grossart et al., 2000 
 Sypro Red Strathmann, 2002 
 Sypro Ruby Strathmann, 2002; Di Poto et al., 2009 
 Antibodies Dazzo and Wright, 1996 
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Table 1.4: Continued   
Target Stain or marker Reference 
Nucleic acids Acridin orange Wentland et al., 1996; Mattila et al., 1997; Van Ommen 
Kloeke and Geesey, 1999 
 DAPI Huang et al., 1995; Van Ommen Kloeke and Geesey, 1999; 
Espeland and Wetzel, 2001 
 DDAO Allesen-Holm et al., 2006; Dominiak et al., 2011 
 Propidium iodide Van Ommen Kloeke and Geesey, 1999; Davey and 
O’Toole, 2000 
 Syto dyes Mattila et al., 1997; Van Ommen Kloeke and Geesey, 
1999; Davey and O’Toole, 2000; Strathmann et al., 2002 
 Gene probes Wagner et al., 1994; Amann et al., 1995; Wagner and 
Amann, 1997; Manz et al., 1999; Böckelmann et al., 2000; 
Davey and O’Toole, 2000; Nielsen et al., 2000 
Lipids Nil red Lamont et al., 1987 
Enzyme activity CTC Rodriguez et al., 1992; Schaule et al., 1993; Walsh et al., 
1995; Wuertz et al., 1998 
 ELF-97 substrates Huang et al., 1993; Huang et al., 1998; Van Ommen 
Kloeke and Geesey, 1999; Baty III et al., 2000, 2001 
 INT Chung and Neethling, 1989; Kim et al., 1994; Walsh et al., 
1995 
 TTC Ryssov-Nielsen, 1975; Miksch, 1985 
Hydrophobic regions Nile red Lamont et al., 1987; Wolfaardt et al., 1994, 1998 
 Hydrophobic, 
fluorescent micro-beads 
Zita und Hermansson, 1997 
pH Carboxyfluorescein Vroom et al., 1999 
Gram-Stain BacLight Gram stain Wolfaardt et al., 1998 ; Karthikeyan et al., 1999 
Permeability Fluorescent dextrans Korber et al., 1994; Lawrence et al., 1994; Birmingham et 
al., 1995; Wolfaardt et al., 1998 
 Fluorescent micro-beads Stoodley et al., 1994; Lawrence et al., 1998b 
 
 
- Scanning probe microscopy - 
Atomic force microscopy (AFM) is among the most commonly applied scanning probe 
technique (Denkhaus et al., 2007). AFM uses a cantilever, which is dragged or tapped along 
the biofilm surfaces to produce a highly resolved topographic image of the sample at the 
atomic scale. This technique is capable of visualizing single biopolymers, for instance DNA 
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(Allison et al., 1997), proteins (Chen et al., 1998) or DNA-protein interactions (Rippe et al., 
1997). This type of microscopy has also been applied for visualization of microbial EPS. 
Steele et al. (1994) investigated microbially influenced corrosion of stainless steel by biofilm 
organisms by AFM. Beech (1996) and Beech et al. (2002) used AFM for investigations of 
microbial biofilms formed by sulfate-reducing bacterial biofilms on steel surfaces and their 
interactions with the substratum. Van der Aa and Dufrêne (2002) performed an in situ 
characterization of the organization of EPS produced by Azospirillum brasilense attached to 
polystyrene substrata by application of AFM. Li and Logan (2004) used an AFM approach to 
determine the adhesion of different E. coli strains to be able to predict microbial adhesion. 
However, the AFM method is mainly suitable for investigations of bacterial monolayers. 
Scanning probe microscopy furthermore includes techniques like scanning tunneling 
electron microscopy and scanning ion-conductance microscopy (Hansma and Pietrasanta, 
1998). 
 
1.5 Aims of the study 
Drinking water distribution systems as well as domestic plumbing systems are colonized by 
microbial biofilms, which under unfavourable conditions can act as reservoirs for pathogenic 
microorganisms, posing a potential threat to human health (Bressler et al., 2009; Moritz et 
al., 2010; Wingender, 2011). Despite numerous studies investigating biofilm formation in 
these systems, none has addressed the EPS composition of drinking-water biofilms. To be 
able to understand, control and avoid biofilm formation, it is essential to gain an 
understanding of the involved microorganisms as well as the quantity and composition of 
EPS, both of which are targets for measures aimed at the inactivation and removal of biofilm 
organisms from these systems.  
This study was carried out to characterize drinking-water biofilms and their EPS grown in 
drinking water distribution systems as well as public plumbing systems by microbiological, 
molecular biological and biochemical means. The aims of this study included: 
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 Adaptation and optimization of analytical methods for the analysis of the typically low 
amounts of drinking-water biofilms found in drinking water systems, as well as their EPS, 
which have not been analyzed in drinking-water biofilms in detail before, 
 Evaluation of EPS isolation methods based on their EPS yield, detrimental impact on 
biofilm cells, as well as compatibility with subsequent analytical methods, with main focus 
on CER isolation, 
 Application of the established methods for the cultivation and characterization of 
drinking-water biofilms cultivated in reactors connected to plumbing systems of public 
buildings or to drinking water distribution systems, 
 Qualitative EPS analysis of drinking-water biofilms, with focus on the identification of 
extracellular proteins, which unlike exopolysaccharides have been rarely investigated in 
literature, applying two-dimensional gel electrophoresis, as well as enzyme activity 
measurements, and 
 Investigation of the incorporation of the hygienically relevant P. aeruginosa in drinking-
water biofilms and its influence on biofilm community and EPS composition. 
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2. MATERIALS 
2.1 Chemicals 
Table 2.1: Chemicals used in this study. 
Substance Specification Manufacturer Art. No. 
Acetic acid AnalaR 100 % Normapur VWR 20104.334 
Acetone Analytical reagent grade 
Fisher 
Chemicals 
A/066/17 
Acetonitrile 
Chromasolve gradient 
grade 
Sigma-Aldrich 34851-2.5L 
Acrylamide/Bis solution (40 %) 37.5:1 Bio-Rad 161-0148 
Agarose Research grade Merck 1.16801.0250 
L-alanine-4-methoxy-2-naphthylamide  Sigma A1541 
Ammonium hydrogencarbonate Ultra > 99.5 % 
Fluka 
BioChemika 
09830 
Ammonium persulfate ≥ 98 %, p.a., ACS Roth 9592.2 
Bovine serum albumin standard  Sigma P5619 
Bovine albumin ≥ 96 % Sigma A4503 
Bromphenol blue indicator pH 3.0 – 4.6 Merck 3627503 
2-Butanol p. a. Merck 1.09630.1000 
[3-(3-Cholanamido-
propyl)dimethylammonio]-1-
propanesulfonate (CHAPS) 
 Calbiochem 220201 
Coomassie Brilliant blue G250 For electrophoresis Merck 1.15444.0025 
α-Cyano-4-hydroxycinnamic acid p. a. Fluka 70990-1G-F 
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Table 2.1: Continued    
Substance Specification Manufacturer Art. No. 
Dextran 
From Leuconostoc 
mesenteroides 
Sigma D5376 
4,’6-Diamidino-2-phenylindole 
dihydrochloride (DAPI) 
≥ 98 % Sigma D9542 
DL-Dithiothreitol  Sigma 43815 
Dowex 
Marathon C, Na
+
-form, 
strongly acidic, particle 
size 20 – 50 mesh 
Sigma 91973 
Ethanol  Rotipuran Roth 9065.4 
Ethylenediaminetetraacetic acid 
tetrasodium salt (Na4EDTA) 
 Sigma ED4SS 
Folin-Ciocalteu’s phenol reagent 2 mol/L Sigma F9252 
Formaldehyde solution ~ 36 % in H2O Fluka 47630 
Formamide deionized ≥ 99.5 % p.a. Roth P040.1 
Formamide For molecular biology Sigma 47671 
Glass beads ≤ 106 µm Sigma G4649 
D-Glucose 6-phosphate monosodium salt 98.5 % Sigma F7879 
D-Glucose 99.5 % Sigma F7528 
D-Glucuronic acid  Sigma F5269 
Glycerin ACS Merck 1.04092.1000 
m-Hydroxybiphenyl 90 % Sigma H6527 
Iodoacetamide  Sigma I6125 
2-keto-3-deoxyoctonate ammonium salt  Sigma K2755 
Loading Dye TriTrack 6x concentrate Fermentas R1161 
Lowry reagent modified  Sigma L3540 
Magnesium chloride hexahydrate p. a. Merck 1.05833.0250 
Mark12 unstained standard  Invitrogen LC5677 
MassRuler DNA Ladder mix 103 µg µL
-1
 DNA Fermentas SM0403 
Methanol Analytical reagent grade Fisher Chemical M/4000/17 
2-methoxy-ethanol p. a. ACS Roth CP08.2 
4-methoxy-2-naphthylamine  Sigma M9894 
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Table 2.1: Continued    
Substance Specification Manufacturer Art. No. 
4-methylumbelliferone (MUF)  Sigma M1381 
4-MUF-α-D-glucopyranoside  Sigma M9766 
4-MUF-ß-D-glucopyranoside  Sigma M3633 
4-MUF-N-acetyl-ß-D-glucosaminide  Sigma M2133 
4-MUF-stearat  Sigma M1010 
4-MUF-butyrate  Sigma 19362 
4-MUF-phosphate  Sigma M8883 
Nicotine amide adenine dinucleotide 
phosphate sodium salt 
 Sigma N0505 
Paraformaldehyde  Merck 1.04005 
Phenol ≥ 99.5 % Riedel-de Haën 33517 
Potassium hexacyanoferrate (III) p. a. Merck 1.04973.0100 
Potassium hydroxide  Baker 0385 
Protease inhibitor cocktail 
AEBSF, 23 mM; Bestatin, 
2 mM; EDTA, 100 mM; E-
64, 0.3 mM; Pepstatin A, 
0.3 mM 
Sigma P8465 
Roti-Load 2 sample buffer Non reducing, 4x Roth K930.1 
Rotipuran Water p. a. ACS Roth T172.2 
Servalyt Ampholyte pH 3 – 10  Serva 42940 
Silver nitrate GR for analysis Merck 1.01512 
Sodium dodecyl sulfate (SDS) 
≥ 98.5 %, for molecular 
biology 
Sigma L4390 
Sodium hydroxide pellets p. a. KMF 08-620.1000 
Di-sodium tetraborate-decahydrate ≥ 99.5 % Fluka 72000 
Sodium thiosulfate pentahydrate p.a. ACS Merck 1.06516 
Sulfamic acid ≥ 99 % Sigma 242772 
Sulfuric acid ≥ 95 % Fisher Scientific S/9240/PB17 
N,N,N’,N’-Tetramethylethylenediamine 
(TEMED) 
p. a. Bio-Rad 161-0800 
    
Materials 
 
46 
 
Table 2.1: Continued    
Substance Specification Manufacturer Art. No. 
Thiourea GR for analysis Merck 1.07979 
Tributyl phosphine ~ 95 % Fluka 90827 
Trifluoroacetic acid 
For protein sequence 
analysis 
Merck 1.08178.0050 
Tris, Tris-(hydroxmethyl)-aminomethane ≥ 99.9 % Roth 4855.1 
Urea, Carbamide 
≥ 99.5 %, BioUltra, for 
molecular biology 
Sigma 51456 
Water Ultrapur Merck 1.01262.100 
Water for molecular biology DEPC treated Roth T143.2 
 
 
2.2 Cultivation media 
BCYEα ready to use agar plates (OXOID): 
Composition in g L-1 (ISO 11731:1998 (E)): Yeast extract 10.0, agar 12.0, activated charcoal 
2.0, α-ketoglutarate, monopotassium salt 1.0, ACES buffer (N-2-actetamido-2-
aminoethanesulfonic acid) 10.0, potassium hydroxide (KOH) 2.8, L-cysteine hydrochloride 
monohydrate 0.4, iron(III)pyrophosphate 0.25. 
 
LB medium (Lennox Broth): 
Composition in g L-1: Tryptone 10.0, NaCl 5.0, yeast extract 5.0, pH 7.0 ± 0.2 at 25 °C. 
Preparation: The compounds were dissolved in deionized water, pH was adjusted to 7.0  
± 0.2 and filled with deionized water to 1 L. 
 
Nutrient agar (Merck): 
Composition in g L-1: Peptone from meat 5.0, meat extract 3.0, agar 12.0, pH 7.0 ± 0.2 at  
25 °C. 
Preparation: 20 g of the commercially available granulate were dissolved in 1 L of deionized 
water. 25 ml aliquots were poured into sterile Petri dishes. 
 
 
Materials 
 
47 
 
Pseudomonas selective agar with C-N supplement (CN agar) (Oxoid): 
Composition in g L-1: Gelatin peptone 16.0, casein hydrolysate 10.0, potassium sulphate 10.0, 
MgCl2 1.4, agar 11.0, pH 7.1 ± 0.2 at 25 °C. 
Preparation: 24.2 g of the granulate and 5 mL glycerol were dissolved in 500 mL of deionized 
water and autoclaved at 121 °C for 20 min. The content of one vial Pseudomonas C-N 
supplement (100 mg cetrimide, 7.5 mg sodium nalidixate; Oxoid) was dissolved in a 1:1 (v/v) 
solution of ethanol and sterile deionized water and aseptically added to the autoclaved agar 
base once it has cooled to 50 °C. 25 ml aliquots were poured into sterile Petri dishes. 
 
R2A medium (Difco): 
Composition in g L-1: Yeast extract 0.5, proteose peptone No. 3 0.5, casamino acids 0.5, 
dextrose 0.5, soluble starch 0.5, sodium pyruvate 0.3, dipotassium phosphate 0.3, 
magnesium sulphate 0.05, agar 15.0, pH 7.2 ± 0.2 at 25 °C.  
Preparation: 18.2 g R2A medium were dissolved in 1 L deionized water and autoclaved at 
121°C for 20 min. 25 ml aliquots were poured into sterile Petri dishes. 
 
 
2.3 Buffers and solutions 
Agarose solution, 1 % 
1 g agarose was suspended in 2 mL 50 x TAE-Puffer and 98 mL deionized water and dissolved 
by heating. The agarose solution was stored at 55 °C until use. 
Ammonium persulphate (APS) solution, 10 % 
0.1 g APS were dissolved in 1 mL deionized water. 
Ammonium persulphate (APS) solution, 40 % 
0.4 g APS were dissolved in 1 mL deionized water. 
Benzonase buffer (pH 8.0), 10 x 
6.057 g Tris (500 mM) and 0.203 g MgCl2 x 6 H2O (10 mM) were dissolved and filled up to  
100 mL in deionized water and adjusted to pH 8.0. The buffer was filter sterilized (cellulose 
acetate filter, pore size 0.2 µm). 
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DAPI stain solution (25 μg mL-1) in 2 % (v/v) formaldehyde 
12.5 mg 4’,6-diamidino-2-phenylindole dihydrochloride (DAPI) were dissolved in  
27 mL formaldehyde (37 %) and 473 mL deionized water and filter sterilized (cellulose 
acetate filter, pore size 0.2 μm). 
0 % denaturant solution in 7.5 % acrylamide 
18.8 mL of a 40 % acrylamid solution were mixed with 2 mL 50 x TAE-Puffer and 79.2 mL 
Rotipuran water. 
100 % denaturant solution in 7.5 % acrylamide 
18.8 mL of a 40 % acrylamid solution were mixed with 2 mL 50 x TAE-Puffer, 40 mL 
formamide, 42 g urea and Rotipuran water. The solution was filled up to 100 mL with 
Rotipuran water once all ingredients were dissolved and the solution reached room 
temperature.  
EDTA solution, 0.25 M 
10.45 g Na4EDTA x 2 H2O were dissolved and filled up to 100 mL in Rotipuran water and 
autoclaved for 20 min at 121 °C. 
EDTA solution, 2 % 
2.848 g Na4EDTA x 2 H2O were dissolved and filled up to 100 mL with deionized water and 
autoclaved for 20 min at 121 °C. 
Equilibration buffer for 2DE 
72 g  urea (6 M), 60 g glycerine (30 %), 4 g SDS (2 %) and 6.6 mL 1.5 M Tris/HCl-buffer (pH 
8.8) were dissolved in deionized water and filled up to 200 mL with deionized water, once 
the solution had reached room temperature. 
Ethanol-PBS 
Ethanol for molecular biology was mixed with PBS in a ratio of 1:1 (v/v). 
Hybridization buffer for Psae 16S-182 probes 
For one 8-well diagnostic slide 1 mL hybridization buffer was prepared by mixing 400 µL 
Rotipuran water, 180 µL 5 M NaCl, 20 µL 1 M Tris (pH 8.0), 1 µL 10 % SDS and 400 µL 
formamide.  
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IEF buffer for 2DE 
21.02 g urea (7 M), 7.61 g thiourea (2 M), 2 g CHAPS (4 %), 0.0625 mL tributylphosphine  
(5 mM) and 0.3125 mL Servalyte 3-10 ampholytes (m/v) (0.25 %) were dissolved and filled up 
to 50 mL with ultrapure water. 
Psae 16S-182 oligonucleotide probe solutions 
The P. aeruginosa specific, Cy3-labelled (5’ end) oligonucleotide probe Psae 16S 182 (5’-CCA 
CTT TCT CCC TCA GGA CG- 3’; Wellinghausen et al., 2005) was obtained as lyophilisate from 
Eurofins MWG Operon (Ebersbach, Germany). The lyophilisate was dissolved in water for 
molecular biology to a final concentration of 1 µg µL-1. The dissolved lyophilisate was further 
diluted in water for molecular biology to obtain stock solutions of 50 µg mL-1, which were 
stored as 20 µL aliquots at -20 °C until use. Working solutions of the oligonucleotide probe 
were prepared immediately prior to use by diluting the stock solution 10 fold in 
hybridization buffer. 
Paraformaldehyde in PBS, 4 % 
4 g paraformaldehyde were dissolved in PBS by stirring at 50 °C. The solution was cooled to 
room temperature and filled up to 100 mL in PBS. 4 mL aliquots were stored at -20 °C. 
Phosphate buffer (pH 7.0), 6 mM 
0.76 g Na3PO4 x 12 H2O (2 mM), 0.552 g NaH2PO4 x 1 H2O (4 mM), 0.526 g NaCl (9 mM) and 
0.075 g KCl (1 mM) were dissolved and filled up to 1 L with deionized water and adjusted to 
pH 7. The buffer was autoclaved for 20 min at 121 °C. 
Phosphate-buffered saline (PBS, pH 7.2) 
8.0 g NaCl, 0.2 g KCl, 1.81 g Na2HPO4 x 2 H2O and 0.24 g KH2PO4 were dissolved in Rotipuran 
water and adjusted to pH 7.2 and the solution was autoclaved for 20 min at 121 °C. 
Sodium chloride solution, 5 M 
29.2 g NaCl were dissolved and filled up to 100 mL with Rotipuran water and autoclaved for 
20 min at 121 °C. 
SDS solution, 10 % 
10 g SDS were filled up to 100 mL with deionized water. 
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SDS-Tris-glycine running buffer, 1 x 
150 mL of the commercially available Rotiphorese 10 x SDS-PAGE buffer (Roth) were filled up 
to 1.5 L with deionized water. Final composition: 0.192 M glycine, 0.025 M Tris,  
0.1 % (w/v) SDS. 
Sodium hydroxide solution, 1 M 
4 g NaOH pellets were dissolved and filled up to 100 mL with deionized water and 
autoclaved for 20 min at 121 °C. 
TAE buffer, 1 x 
40 mL of the commercially available 50 x TAE buffer (Bio-Rad) concentrate were filled up to  
1 L with deionized water. Final composition according to the manufacturer: 40 mM Tris,  
20 mM acetic acid, 1 mM EDTA, pH 8.3. 
Tris/HCl-buffer (pH 8.0), 1 M 
12.1 g Tris(hydroxymethyl)-aminomethane were dissolved in Rotipuran water. The pH value 
was adjusted to 8.0. The solution was filled up to 100 mL with Rotipuran water and 
autoclaved for 20 min at 121 °C. 
Tris/HCl-buffer (pH 8.8), 1.5 M 
90.855 g Tris(hydroxymethyl)-aminomethane were dissolved in deionized water. The pH 
value was adjusted to 8.8 and the solution was filled up to 500 mL with deionized water. 
Washing buffer for Psae 16S-182 probes 
For one 8-well diagnostic slides 25 mL washing buffer were prepared. 500 µL 1 M Tris/HCl-
buffer (pH 8.0), 280 µL 5 M NaCl, 500 µL 0.25 M EDTA and 25 µL 10 % SDS were filled up to 
25 mL with Rotipuran water. 
Zymogram developing buffer, 1 x 
10 mL of the commercially available zymogram developing buffer (10 x) (Invotrogen) 
concentrate were filled up to 100 mL with deionized water. 
Zymogram renaturing buffer, 1 x 
10 mL of the commercially available zymogram renaturing buffer (10 x) (Invitrogen) 
concentrate were filled up to 100 mL with deionized water. 
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2.4 Commercial kits 
Table 2.2: Commercial kits used in this study. 
Name Manufacturer Art. No. 
DNeasy® Plant Mini Kit Qiagen 69104 
Live/Dead® BacLight bacterial viability kit Invitrogen/Molecular Probes L7012 
Mass standards kit for the 4700 Proteomics Analyzer Applied Biosystems 4333604 
Quant-iT
TM
 PicoGreen® dsDNA reagent kit Invitrogen/Molecular Probes P7589 
 
 
2.5 Enzymes 
Table 2.3: Enzymes used in this study. 
Name Origin Specification Manufacturer Art. No. 
Benzonase Serratia marcescens Purity > 99 %, 25 U µL
-1
 Novagen 70664 
Glucose-6-phosphate 
dehydrogenase 
Leuconostoc 
mesenteroides 
recombinant, expressed in E. 
coli, 550-1,100 U mg
-1
 protein 
Sigma G8529 
Proteinase K Tritirachium album ≥ 30 units mg
-1
 protein Sigma P6556 
Trypsin Porcine pancreas 
Sequencing grade,  
> 5,000 U mg
-1
 protein 
Promega V5111 
 
 
2.6 Equipment 
 
Table 2.4: Equipment used in this study. 
Instrument Specification Manufacturer 
2D electrophoresis chamber Protean II xi cell Bio-Rad 
Analytical scale BP 210 Sartorius 
Analytical scale BP 1200 Sartorius 
Bottle top filters 
Non-fibre releasing membran, 
surfactant-free cellulose 
acetate, pore size 0.2 µm 
Nalgene 
Calibrated Imaging Densitometer GS710 Bio-Rad 
Centrifuge 5415D Eppendorf 
Confocal laser scanning microscope Axiovert 100M Zeiss 
Cooling centrifuge Biofuge Fresco 
Heraeus 
instruments 
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Table 2.4: Continued   
Instrument Specification Manufacturer 
DGGE system DCode Bio-Rad 
Dialysis tubing SpectraPor 3, MWCO: 3500 Da Serva 
Dialysis tubing Visking, MWCO: 12 – 14 kDa Serva 
Disposable cuvettes  PMMA, 4 clear faces VWR 
Electrophoresis chamber HE33 horizontal Subarine unit 
Amersham 
Bioscience 
Epoxy-coated 8-well diagnostic slides  Thermo Scientific 
Ethylene-propylene-diene monomer (EPDM) 
coupons (65 Shore) 
Comply with physical and 
chemical requirements of the 
German KTW guideline for 
drinking water, but not with the 
DVGW Code of Practice W270. 
Schmitztechnik 
GmbH 
External laser 
For Molecular imager FX pro 
plus 
Bio-Rad 
Fluorescence microscope Leitz Laborlux 
Leitz Wetzlar 
Germany 
Fluorometer SFM25 Bio-TEK 
Kontron 
Instruments 
Freeze dryer Alpha 1-2 Christ 
GelBond PAG film for polyacrylamide gels  GE Healthcare 
Gradient delivery system Model 475 Bio-Rad 
Hybridisation oven  
Thermo electron 
cooperation 
IEF cell Protean IEF cell Bio-Rad 
Incubator (20 °C) ICE 400-800 
Memmert 
GmbH+Co. KG 
Incubator (30 °C) Kelvitron t Heraeus 
Incubator (37 °C) Kelvitron t Heraeus 
Laser scanner Molecular imager FX pro plus Bio-Rad 
MALDI TOF/TOF Analyzer  4800 Plus 
Applied 
Biosystems, MDS 
Sciex 
Manifold vacuum stainless steel filtration module  Millipore 
Mastercycler Ep gradient S Eppendorf 
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Table 2.4: Continued   
Instrument Specification Manufacturer 
Mini BeadBeater  Biospec Products 
Molecular Imager Gel Doc Universal Hood II Bio-Rad 
PCR cycler Mastercycler epgradient S Eppendorf 
pH meter WTW (ph 549 ELP) MultiCal 
Phase contrast microscope Leica DM LS Leica Microsystems 
Plate Reader Infinite Pro M200 Tecan 
Polycarbonate membrane filters Pore size 0.2, Black Millipore 
Power Pack P25 Biometra 
Reaction chambers for fluorescence in situ 
hybridization 
 Vermicon 
Rocking Platform WT15 Biometra 
Shaking water bath GFL 1092 
Gesellschaft für 
Labor-Technik mbH 
Sorvall centrifuge Sorvall RC26 Plus Sorvall Products 
Spectrophotometer Cary 50 Bio Varian 
Syringe filters 
Filtropur S plus 0.2, pore size 
0.2 µm 
Sarstedt 
Thermo Scientific diagnostic slides  Epoxy-coated 8-well 6 mm Menzel 
Thermomixer comfort  Eppendorf 
Thoma counting chamber  Optik Labor 
Tygon tubing 
Inner Ø 6.4 mm, outer Ø 9.6 
mm, wall 1.6 mm 
Saint-Gobain 
Performance 
Plastics 
Vacuum centrifuge RVC 2-25 Christ 
ZipTip C18 Tip size P10 ZTC185096 
Zymogram blue casein gels Novex, 4 - 16 %, 1.0 mm EC6415BOX 
Zymogram gelatin gels Novex, 12 %, 1.0 mm EC6175BOX 
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2.7 Software and databases 
Table 2.5: Software and databases used in this study. 
Program Version or link Manufacturer 
AB SCIEX Data Explorer software http://www.matrixscience.com/ Matrix Science 
AxioVision 3.1 Zeiss 
Cary Win UV Simple Reads 
Application 
02.00(25) Varian 
CELLO v.2.5: subCELlular 
LOcalization predictor 
http://cello.life.nctu.edu.tw/ 
Molecular Bioinformatics Center, 
National Chiao Tung University 
(Yu et al., 2006) 
Compute pI/Mw tool http://web.expasy.org/compute_pi/ 
ExPASy Bioinformatics Resource 
Portal 
i-control 1.8.50.0 Tecan 
LSM Image Browser 4.0.0.157 Zeiss 
Mascot – peptide mass fingerprint 
software 
http://www.matrixscience.com/ 
Matrix Science (Perkins et al., 
1999) 
NCBI protein database http://www.ncbi.nlm.nih.gov/protein NCBI 
PDQuest 8.0.1 Bio-Rad 
Quantity One 4.6.3 Bio-Rad 
UniProtKB protein knowledgebase http://www.uniprot.org/ UniProt 
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3. METHODS 
3.1 Cultivation of drinking-water biofilms 
Drinking water biofilms were grown on coupons (72 mm x 26 mm x 2 mm) made of the 
elastomeric material ethylene-propylene-diene monomer (EPDM 65 Shore; Schmitztechnik 
GmbH, Germany) at five different locations. The locations were plumbing system A and 
distribution system A, both supplied with the same drinking water originating from water 
supplier A, plumbing system B and distribution system B, which were supplied with the same 
mixture of water originating from water supplier B, or plumbing system C which was 
supplied by water supplier C (Tab. 3.1). A sampling site prior to entering plumbing system C 
could not be realized. 
 
Table 3.1: Locations and drinking water installations used for the cultivation of drinking-water biofilms. 
Water supplier Installation Location 
Supplier A 
 
Plumbing system A  
copper installation, cold water tap 
University building Duisburg  
University of Duisburg-Essen, 
Duisburg/Germany 
 
Distribution system A  
water storage tank, sampling tap 
Elevated water tank Duisburg, 
Drinking water distribution system, 
Duisburg/Germany 
Supplier B 
 
Plumbing system B  
copper installation, cold water tap 
IWW laboratory building, 
IWW Water Centre, Mülheim an der 
Ruhr/Germany 
 
Distribution system B 
cold water tap at the water meter of 
the plumbing system  
IWW water meter 
IWW Water Centre, Mülheim an der 
Ruhr/Germany 
Supplier C 
 
Plumbing system C  
copper installation, cold water tap 
University building Essen, 
University of Duisburg-Essen, 
Essen/Germany 
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The EPDM material used as substratum for biofilm growth complied with physical and 
chemical requirements of the German KTW guideline (Umweltbundesamt, 2011) for organic 
materials in contact with drinking water, but not with the DVGW Code of Practice W270 
(DVGW; Deutscher Verein des Gas- und Wasserfaches, 2007). This material is known to 
promote biofilm formation (Kilb et al., 2003; Bressler et al., 2009) and was chosen in order to 
obtain sufficient biomass for EPS isolation and analysis. Before use the coupons were 
washed in deionized water and pasteurized for 10 min at 80 °C in deionized water. The 
coupons were vertically inserted into stainless steel reactor vessels (width: 53 mm; height: 
95 mm; depth: 37 mm) of 100 mL volume, each providing space for up to 8 coupons  
(Fig. 3.1). The reactors were connected to cold-water drinking water taps via Tygon® tubing 
and perfused continuously with drinking water at a flux of 50 mL min-1 over cultivation 
periods of up to 28 d at ambient temperature. Water temperature within the reactors and 
concentrations of free chlorine were monitored regularly. Free chlorine concentration was 
determined by the N,N-diethyl-p-phenylenediamine colorimetric method, using a portable 
spectrophotometer. Drinking water samples were collected for a multi-element analysis 
from each location in accordance to the standard ISO 19458 (2006). The drinking water 
samples were taken after 30 min of flushing or, if present, from a continuously running 
sampling tap, using sterile 50 mL polypropylene centrifuge tubes. 
 
 
 
 
 
 
 
 
 
 
Figure 3.1: a) biofilm reactor with EPDM coupons and b) experimental set up used for the cultivation of 
drinking-water biofilms. 
a) 
b) 
Outlet
Lid
Inlet
EPDM 
coupons
Biofilm
reactor
a) 
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3.2 Sampling of drinking-water biofilms 
Coupons were aseptically removed from the reactors using sterile forceps and drinking-
water biofilms were scraped off both sides of the coupons into sterile Petri dishes using a 
sterile rubber scraper. The biofilms were either directly used for biomass determination or 
dispersed in 10 mL 6 mM phosphate buffer (pH 7.0) per coupon. The biofilm suspensions 
were stirred for 5 min for cell dispersal and used for EPS isolation and for microbiological, 
biochemical or molecular biological analyses. 
 
3.3 Determination of biofilm mass 
Wet weight, dry mass and water content of the biofilms were determined according to the 
standard DIN EN 12880 (2001). A crucible was heated in a muffle furnace at 550 °C for at 
least 30 min. The crucible was allowed to cool to room temperature (approximately 15 min) 
in an exsiccator and weighed. 14 d-old drinking-water biofilms from at least 5 EPDM-
coupons were scraped off into the crucible and weighed to determine wet weight. To 
determine the dry weight the crucible containing the biofilm was heated at 105 °C overnight, 
allowed to cool to room temperature (approximately 5 min) in an exsiccator with P2O5 
applying vacuum and weighed. The sample was heated again for 1 hour and weighed. The 
last step was repeated until the sample showed constant mass readings (< 0.5 % (m/m) 
difference from the previous determination). 
The loss and residue on combustion of the dry mass of drinking-water biofilms was 
determined according to the standard DIN EN 12879 (2001). The crucible containing the 
dried biofilm mass was combusted in a muffle furnace at 550 °C for 1.5 hours. The crucible 
was allowed to cool to room temperature (approximately 15 min) in an exsiccator with P2O5 
applying vacuum and weighed. The sample was reheated to 550 °C for 30 min and weighed. 
The last step was repeated until the sample showed constant mass readings (< 0.5 % (m/m) 
difference from the previous determination). 
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3.4 Multi-element analysis of drinking water and biofilms 
Multi-element analyses of all water samples, drinking-water biofilm suspensions or EPS 
solutions were performed by the IWW Water Centre (Mülheim an der Ruhr, Germany) 
according to ISO 11885 (2007), using inductively coupled plasma optical emission 
spectrometry (ICP-OES). Biofilm samples required initial disintegration by acid digestion 
using a mixture of HNO3 and H2O2 combined with microwave treatment prior to ICP-OES 
measurement.  
 
3.5 Scanning electron microscopy of drinking-water biofilms 
Images of 14 d-old drinking-water biofilms grown on EPDM were acquired by scanning 
electron microscopy. Coupons with grown biofilms were removed from the biofilm reactor 
and dried overnight in an exsiccator with P2O5 applying vacuum. The coupons were cut into 
squares of approximately 1 cm² and fixed onto specimen stubs. The biofilms were sputtered 
with gold using a sputter coater (EMITECH K550; Emitech ltd., England). Images were 
acquired with an environmental scanning electron microscope (ESEM Quanta 400 FEG; FEI 
Company, USA) coupled to an energy dispersive x-ray micro analysis unit (Genesis 4000 EDS-
system; EDAX inc., USA). 
 
3.6 Confocal laser scanning microscopy (CLSM) 
Images of fully-hydrated 14 d-old drinking-water biofilms cultivated on EPDM were acquired 
by CLSM after staining with the Live/Dead® BacLight bacterial viability kit 
(Invitrogen/Molecular Probes). The fluorescent stains Syto 9 and propidium iodide were 
mixed and diluted in deionized water to concentrations of 5 µM and 30 µM, respectively. An 
EPDM coupon with attached 14 d-old drinking-water biofilm was removed from the biofilm 
reactor and fixed onto a glass slide. 300 µL of the stain mix were applied on the biofilm and 
the biofilm was incubated for 30 min in the dark in a moist environment. Biofilms were 
examined at 100 fold (without cover slide) and 1000 fold (with cove slide and immersion oil) 
magnification. Excitation of the stains was performed with an argon laser and an excitation 
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wavelength of 488 nm. The applied filters were a band-pass filter for detection of emission in 
the range of 505 – 530 nm (Syto 9) and a long-pass filter for detection of emission ≥ 560 nm 
(propidium iodide).  
 
3.7 Microbiological analysis 
3.7.1 Total cell count 
Cells were stained with 4’,6-diamidino-2-phenylindole (DAPI; dihydrochloride, 25 µg ml-1 in  
2 % formaldehyde). 1 mL of DAPI solution was added to 4 mL of biofilm or cell suspension, or 
decimal dilutions of the suspensions in sterile particle-free deionized water and incubated 
for 20 min in the dark at room temperature. Cells were filtered onto black polycarbonate 
membrane filters (30 mm diameter, 0.2 µm pore size; Millipore) which were stored in the 
dark at 4 °C until enumeration. Enumeration of cells was carried out with an epifluorescence 
microscope (Laborlux S; Leitz Germany) at 1000 fold magnification (Objective: PL Fluotar; 
100x/1.32 oil; PHACO 3) with the help of a counting grid (100 µm x 100 µm). 20 randomly 
chosen fields of view of biofilm suspensions showing 20 to 150 cells were examined. Results 
were given in cells mL-1.  
 
3.7.2 Heterotrophic plate count 
Culturable heterotrophic plate count bacteria were determined by the spread plate method 
on R2A medium (Reasoner and Geldreich 1985). 0.1 mL of biofilm suspension or decimal 
dilutions of the biofilm suspension in sterile particle-free deionized water were plated in 
triplicates on R2A medium and the agar plates were incubated for 7 d at 20 °C. Plates 
showing 30 to 300 colonies were used for enumeration. Results were given in colony-
forming units (cfu) mL-1. 
 
3.7.3 Culturability of P. aeruginosa pure cultures 
Culturability of P. aeruginosa AdS pure cultures were determined by spread plate method on 
nutrient agar. 0.5 mL of cell suspension or 0.1 mL of decimal dilutions of the suspensions in 
sterile particle free deionized water were plated in triplicates on nutrient agar plates and the 
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agar plates were incubated for 48 h at 37 °C. Plates showing 30 to 300 colonies were used 
for enumeration. Results were given in cfu mL-1. 
 
3.7.4 Culturability of P. aeruginosa in biofilms 
Culturability of P. aeruginosa AdS present in or incorporated into established drinking-water 
biofilms was determined by spread plate method on the selective CN agar. 0.5 mL of biofilm 
suspension or 0.1 mL of decimal dilutions of the suspensions in sterile particle free deionized 
water were plated in triplicates on CN agar plates and the agar plates were incubated for  
48 h at 37 °C. Plates showing 30 to 300 colonies were used for enumeration. Results were 
given in cfu mL-1. 
 
3.8 Isolation of extracellular polymeric substances (EPS) 
Isolation of EPS from drinking-water biofilms was carried out in a miniaturized form 
compared to isolation procedures commonly applied for activated or sewage sludges (Jahn 
and Nielsen, 1995; FrØlund et al., 1996), using 8 to 20 mL-volumes of biofilm suspensions. 
The isolation procedures tested were shaking, shaking in presence of a cation exchange resin 
(CER), NaOH treatment in combination with formaldehyde, EDTA treatment or heating, 
which were carried out according to Fig. 3.3.  
 
- Shaking treatment - 
8 mL-volumes of biofilm suspensions were shaken on a Vortex (Genie 2) shaker in 50 mL 
centrifuge tubes (conical bottom, polypropylene; Sarstedt) for up to 60 min at maximum 
speed (Fig. 3.2). The Vortex was equipped with a platform head able to hold 4 centrifuge 
tubes.  
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- CER isolation - 
The CER Dowex (Marathon C, Na+-form, Sigma) was 
washed twice in 6 mM phosphate buffer (pH 7.0) by 
stirring for 2 x 15 min (20 g CER in 100 mL buffer). 1.6 g 
of hydrated CER were added to 8 mL biofilm suspension 
in 50 mL centrifuge tubes (conical bottom, 
polypropylene; Sarstedt) and shaken on a Vortex (Genie 
2) shaker for up to 60 min at maximum speed (Fig. 3.2). 
The Vortex was equipped with a platform head able to 
hold 4 centrifuge tubes. After treatment the CER was 
allowed to sediment and the treated biofilm suspension 
was decanted into a new centrifuge tube.  
 
- EDTA - 
2 % (w/v) EDTA (tetrasodium salt) solution was prepared in deionized water and autoclaved 
for 20 min at 121 °C. 15 mL Na4EDTA solution were added to 15 mL biofilm suspension and 
stirred on a magnetic stirrer for 3 h at 4 °C. Blank samples containing deionized water only 
were treated accordingly to determine the impact of EDTA on subsequent analyses. 
 
- Formaldehyde/NaOH - 
0.12 mL 37 % formaldehyde were added to 20 mL biofilm suspension and stirred on a 
magnetic stirrer for 1 h at 4 °C. 8 mL of 1 M NaOH were added on top and the suspension 
was stirred for additional 3 h at 4 °C. Blank samples containing deionized water only were 
treated accordingly with formaldehyde and NaOH or separately with formaldehyde or NaOH 
to determine the impact of the chemicals on subsequent analyses. 
 
- Heat -  
20 mL biofilm suspension were heated at 70 °C for 1 h in a water bath and briefly stirred on a 
magnetic stirrer every 15 min.  
 
 Figure 3.2: Experimental setup used 
for EPS isolation by shaking in 
absence or presence of CER. 
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Subsequently to each isolation treatment the suspensions were centrifuged at 20,000 x g for 
20 min at 4 °C. The supernatants were filter sterilized (cellulose acetate filters, pore size  
0.2 µm, Sarstedt) and corresponded to the cell free EPS-solutions. The EPS solutions were 
further dialysed against 3 x 5 L changes of deionized water (2 changes 1 h and 1 change 
overnight; Spectra/POR 3 dialysis tubing, MWCO 3500 Da, Serva).  
For culturability studies cell pellets were resuspended in 6 mM phosphate buffer (pH 7.0) in 
the initial volume prior to centrifugation. For molecular biological examination cell pellets 
were resuspended in 2 mL water for molecular biology, transferred into 2 mL Eppendorf 
tubes and centrifuged at 16,110 x g for 30 min at 4 °C. The supernatant was discarded and 
the cell pellet was stored at -20 °C. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3: Schematic representation of EPS isolation procedures applied for drinking-water biofilms. CER, 
cation exchange resin; MWCO, molecular weight cut-off. 
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3.9 Biochemical analysis of biofilms and EPS  
3.9.1 Proteins 
Proteins were determined with the Lowry assay modified by Peterson (1977) using the 
commercially available Lowry reagent (Sigma L3540), Folin-Ciocalteu’s phenol reagent 
(Sigma F9252) and bovine serum albumin (Sigma P5619). The following reagents were 
prepared according to the manufacturer’s instructions: 
 Lowry reagent: 
The content of a vial containing 2 g Lowry reagent (composition according to the 
manufacturer: 45.03 % sodium dodecyl sulfate, 38.49 % sodium carbonate, 15.13 % 
lithiumhydroxide-monohydrate, 1.35 % copper-tartrate-complex) was dissolved in 40 mL 
deionized water by stirring. 
 Folin-Ciocalteu’s phenol reagent: 
18 mL Folin-Ciocalteu’s phenol reagent (composition according to the manufacturer:  
61.2 % water, 12.2 % lithium sulfate, 2 % sodium tungstate dehydrate, 9.5 % hydrochloric 
acid (≥ 25 %), 6.9 % phosphoric acid solution in water, 2 % sodium molybdate-dihydrate) 
were mixed with 90 mL deionized water. 
0.5 mL sample, deionized water (blank) or standards were mixed with 0.5 mL Lowry reagent, 
weakly shaken and incubated for 20 min at room temperature. 0.25 mL Folin-Ciocalteu’s 
phenol reagent were added, weakly shaken and the mixture was incubated for 30 min at 
room temperature. The solutions were transferred into a semi-micro cuvette and 
absorbance was measured against deionized water at 750 nm. If required, samples were 
diluted in deionized water in test tubes. A 3-point calibration was carried out with BSA 
standards covering a concentration range between 0 µg mL-1 (blank) and 60 µg mL-1 of 
protein. The determination was performed in triplicates. 
 
3.9.2 Carbohydrates 
Carbohydrates were determined with the sulfuric acid/phenol method according to Dubois 
et al. (1956). The following solutions were prepared: 
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 5 % phenol solution: 
25 g phenol were dissolved in 500 mL deionized water. 
2.5 mL sulfuric acid (95 % - 97 %) and 0.5 mL phenol solution were added to 0.5 mL sample, 
deionized water (blank) or standards. The samples were incubated for 10 min at room 
temperature, further incubated in a water bath for 15 min at 30 °C and allowed to cool down 
to room temperature for 5 min. The solutions were transferred into a macro cuvette and 
absorbance was measured against deionized water either at 490 nm in case of neutral 
polysaccharides or 480 nm in case of acidic polysaccharides. If required, samples were 
diluted in deionized water in test tubes. A 3-point calibration was carried out either with 
D(+)glucose standards for neutral polysaccharides or D-glucuronic acid standards for acidic 
polysaccharides covering a range between 0 µg mL-1 (blank) and 75 µg mL-1 carbohydrate, or 
0 µg mL-1 (blank) and 150 µg mL-1 carbohydrate, respectively. The determination was 
performed in triplicates. 
 
3.9.3 Uronic acids 
Determination of uronic acids was performed according to Filisetti-Cozzi and Carpita (1991). 
The following solutions were prepared: 
 4 M sulfamate solution: 
19.42 g sulfamic acid were added to 20 ml deionized water. A saturated potassium KOH 
solution was added drop wise to the solution for complete dissolution of the salts 
(approximately 8 mL). The solution was allowed to cool to room temperature. The pH 
value was adjusted to pH 1.6 with saturated KOH solution and the solution was filled up 
to 50 mL with deionized water. 
 Sulfuric acid/tetraborate solution:  
5.72 g di-sodium tetraborate-decahydrate was dissolved in 200 mL sulfuric acid (95 % -  
97 %). 
 0.15 % m-hydroxybiphenyl solution:  
15 mg m-hydroxybiphenyl were dissolved in 10 mL 0.5 % NaOH. 
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40 µL of sulfamate solution were added to 0.4 mL of samples, deionized water (blank) or 
standards, respectively, and mixed thoroughly. 2.4 mL of sulfuric acid/tetraborate solution 
were added. The solutions were shaken and then incubated in a water bath for 20 min at  
98 °C. The solutions were cooled for 5 min on ice. 80 µL m-hydroxybiphenyl solution were 
added, the mixtures were thoroughly stirred, and incubated for 10 min at room 
temperature. Absorbance was measured with a spectrophotometer at 525 nm. If required, 
samples were diluted in deionized water in test tubes. A 3-point calibration was prepared 
with D-glucuronic acid standards covering a range between 0 µg mL-1 (blank) and  
150 µg mL-1 uronic acid. The determination was performed in triplicates. 
 
3.9.4 DNA 
DNA was determined with the commercially available Quant-iTTM PicoGreen® dsDNA 
Reagent and Kits (Invitrogen/Molecular Probes). The following reagents were prepared 
according to the manufacturer’s instructions: 
 1 x TE buffer: 
20 x TE buffer concentrate (composition: 200 mM Tris-HCl, 20 mM EDTA, pH 7.5; 
Invitrogen/Molecular Probes) was diluted 20 fold in water for molecular biology (DEPC-
treated). 
 PicoGreen reagent: 
The PicoGreen reagent concentrate was diluted 200 fold in 1 x TE buffer. 
1 mL of PicoGreen reagent was added to 1 mL of sample, 1 x TE buffer or standard in single 
use macro cuvettes (4 clear sides) and the mixtures were incubated for 2 min at room 
temperature. Relative fluorescence was measured at an excitation wavelength of 480 nm 
and an emission wavelength of 520 nm. If required, samples were diluted in TE buffer in 
cuvettes. A 4-point calibration was prepared with λ-DNA (Invitrogen/Molecular Probes) 
standards in TE buffer (1 x) covering a high range between 0 µg mL-1 (blank) and 2 µg mL-1 
DNA, or low range between 0 µg mL-1 (blank) and 50 ng mL-1 for samples with low DNA 
concentrations. 
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3.9.5 2-keto-3-deoxyoctonate (KDO) 
KDO was determined according to Karkhanis et al. (1977). The following reagents were 
prepared: 
 0.1 M H2SO4: 
0.543 mL concentrated H2SO4 (98 %) were filled up to 100 mL with deionized water. 
 0.04 M HIO4 in 0.0625 M H2SO4: 
0.912 g HIO4 were added to 0.34 mL concentrated H2SO4 (98 %) and filled up to 100 mL 
with deionized water. 
 2.6 % (w/v) NaAsO2 in 0.5 M HCl: 
4.2 mL concentrated HCl (36 %) were added to 2.6 g NaAsO2 and filled up to 100 mL with 
deionized water. 
 0.6 % thiobarbituric acid (TBA): 
0.6 g TBA were dissolved in 100 mL deionized water. 
0.25 mL sample, deionized water (blank) or standards were mixed with 0.25 mL 0.1 M H2SO4 
and heated at 100 °C for 30 min. The suspensions were allowed to cool to room temperature 
and centrifuged at 8,000 x g for 5 min. 0.25 mL were transferred into a new 2 mL Eppendorf 
tube, mixed with 0.125 mL 0.04 M HIO4 in 0.0625 M H2SO4 and incubated for 20 min at room 
temperature. 0.125 mL 2.6 % NaAsO2 in 0.5 M HCl were added and mixed until the brown 
color disappeared. The sample suspensions were mixed with 0.25 mL 0.6 % TBA, heated at 
100 °C for 15 min and, while still hot, mixed with 0.5 mL DMSO. The samples were allowed 
to cool to room temperature before absorbance was measured with a spectrophotometer at 
548 nm. A 3-point calibration was prepared with KDO standards covering a range between  
0 µg mL-1 (blank) and 30 µg mL-1 KDO. The determination was performed in duplicates. 
 
3.10 Enzyme activity measurements 
3.10.1 Glucose-6-phosphate dehydrogenase activity 
Suspensions of 14 d-old drinking-water biofilms, drinking-water biofilm cell extracts and EPS 
isolated by shaking or CER treatment were analyzed for presence of activity of the strictly 
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intracellular enzyme G6PDH. The measurement was performed according to Ng and Dawes 
(1973) in a miniaturized form using 96-well microtitre plates. Cell extracts were obtained by 
ultrasound treatment (6 x 10 s intervals with 1 min pauses between the intervals; 40 W; on 
ice keeping the temperature below 40 °C) of cells obtained after EPS isolation and were 
applied to confirm presence of G6PDH within biofilm cells. 0.1 µg mL-1 and 1 µg mL-1 G6PDH 
standards from Leuconostoc mesenteroides (Sigma) were used as positive control. Negative 
controls were prepared by incubating the biofilm suspensions, the cell extract suspensions 
and EPS solutions for 30 min at 98 °C.  
Optional 20 fold concentration of all samples and controls was carried out by pipetting  
200 µL of each sample or control into designated wells of the microtitre plate, vacuum-
centrifugation until dry and resuspension in 10 µL sterile deionized water. 
The following solutions were prepared: 
 120 mM Tris/HCl-buffer (pH 8.6): 
 1.45 g Tris were dissolved in deionized water and pH was adjusted with 1 M HCl.  
 250 mM MgCl2 solution: 
 5.08 g MgCl2 x H2O were dissolved in 100 mL deionized water. 
 20 mM glucose-6-phosphate solution: 
 0.045 g glucose-6-phosphate were prepared fresh in 8 mL deionized water. 
 10 mM β-NADP solution: 
 0.045 g of β-NADP were prepared fresh in 6 mL deionized water to obtain a 10 mM  
β-NADP solution. 
 Substrate solution:  
 0.5 mL Tris/HCl-buffer (120 mM; pH 8.6), 0.375 mL glucose-6-phosphate solution  
(20 mM), 0.25 mL β-NADP solution (10 mM), 0.09 mL MgCl2 solution (250 mM) and  
0.235 mL deionized water were combined per analyzed sample. 
10 µL sample, heat inactivated sample (negative control), G6PDH standard (positive control) 
and deionized water (blank) were transferred into designated wells of a 96-well microtitre 
plate. 0.29 µL substrate solution preheated to 37 °C were added to each well and the 
microtitre plate was placed into a multimode microtitre plate reader (Infinite Pro 200, 
Tecan). Absorbance was measured immediately after addition of the substrate solution at  
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1 min intervals over a period of 3 h at 340 nm. The plate reader was set to 5 s orbital shaking 
with 1.5 mm amplitude (335.8 rpm) prior to each measurement cycle. All samples and 
controls were measured in triplicates. Appropriate arrangement of the microtitre plates 
allowed for simultaneous measurement of all samples from two independent reactor runs. 
 
3.10.2 Protease activity determination by zymogram gels 
Protease activity was qualitatively determined by 1D gel electrophoresis using Novex 4 % - 
16 % Zymogram Blue-Casein gels containing 0.1 % casein as substrate, or Novex 10 % 
Zymogram Gelatin gels containing 0.05 % gelatin as substrate. 15 µL of biofilm suspension, 
cell fraction, or EPS fraction were mixed with 5 µL non-reducing Roti®-Load 2 (4 x) sample 
buffer (Roth), incubated for 5 min at room temperature and transferred into a well of the 
gel. 20 µL Seeblue pre-stained marker were applied into one well for molecular weight 
comparison. The gel electrophoresis was carried out for 90 min at 125 V in 1 x Rotiphorese 
SDS running buffer (Roth). After electrophoresis gels were removed from the cassette and 
incubated for 2 x 1 h in 1x Zymogram renaturing buffer at room temperature with gentle 
agitation. The gels were transferred into 1 x Zymogram developing buffer and incubated for 
30 min at room temperature with gentle agitation. Gels were transferred into fresh 
developing buffer and incubated overnight at 37 °C. Zymogram gelatin gels were stained 
with the Simply Blue Safe Stain (Invitrogen/Molecular Probes) according to the 
manufacturer’s instructions (Section 3.13.4). Blue-casein gels did not require staining.  
 
3.10.3 Fluorometric determination of enzyme activity 
Drinking-water biofilms, isolated EPS and biofilm cells after EPS isolation were subjected to 
enzyme activity measurements using commercially available 4-methoxy-ß-naphthylamide or 
methylumbelliferyl (MUF) substrates (Sigma-Aldrich). A microtitre plate assay was designed 
to be able to analyze a variety of enzymes at once (Fig. 3.4). The substrates were L-leucine-4-
methoxy-β-naphthylamide (wells: A1 – A12), 4-MUF-α-D-glucopyranoside (wells: B1 – B12), 
4-MUF-β-D-glucopyranoside (wells: C1 – C12), 4-MUF-N-acetyl-β-D-glucosaminide (wells:  
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D1 – D12), 4-MUF-stearate (wells: E1 – E12), 4-MUF-butyrate (wells: F1 – F12) and 4-MUF-
phosphate (wells: G1 – G12).  
2 mM substrate stock solutions were prepared in 2-methoxyethanol. 10 µL of each substrate 
were transferred into designated wells of a microtitre plate (Fig. 3.4). 190 µL of biofilm 
suspension (wells: A1 – G3), biofilm cells (wells: A4 – G6), or EPS (wells: A7 – G9) were added 
into designated wells and mixed thoroughly by aspiration. Heat inactivated controls were 
run using biofilms (wells: A10 – G10), biofilm cells (wells: A11 – G11), or EPS (wells: A12 – 
G12), which were previously treated at 98 °C for 30 min. No substrate controls were 
measured using 10 µL of 2-methoxyethanol without substrate and 190 µL of biofilm 
suspension (well: H8), biofilm cells (well: H9), or EPS (well: H10). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4: Pipetting scheme used for the fluorometric determination of enzyme activity in a microtitre plate 
format. MUF, methylumbelliferyl. 
 
 
3-point calibrations were performed using methylumbelliferone (wells: H2 – H4) or 4-
methoxy-ß-naphthylamide (wells: H5 – H7) covering a range of 0 mM (blank; well H1) to  
200 mM or 0 mM (blank; well H1) to 100 mM, respectively. The arrangement of the 
microtitre plate allowed for a simultaneous triplicate determination of enzyme activities of 
seven enzyme classes in a biofilm sample, biofilm cells and isolated EPS. Fluorescence was 
measured immediately after addition of samples with a multimode microtitre plate reader 
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(Infinite Pro 200, Tecan). The plate reader was set to successive measurements at an 
excitation wavelength of 360 nm and emission readings at 450 nm, followed by excitation at 
330 nm and emission readings at 420 nm. Measurements were performed at intervals of  
1 min for 2 h at ambient temperature (approximately 26 °C). The plate reader was set to 5 s 
orbital shaking with 1.5 mm amplitude (335.8 rpm) prior to each measurement cycle. 
 
3.11 Molecular biology methods 
3.11.1 Sample preparation for population analysis by DGGE 
DGGE was applied for the analysis of population diversity in drinking-water biofilms. 16 mL 
of biofilm suspension were centrifuged at 20,000 x g for 20 min at 4 °C. Supernatants were 
discarded, cell pellets were resuspended in 2 mL water for molecular biology, transferred 
into 2 mL centrifuge tubes and centrifuged at 16,110 x g for 30 min. The supernatants were 
discarded and cell pellets were stored at -20 °C.  
 
3.11.2 DNA Isolation  
DNA from cell or EPS pellets was isolated by use of the DNeasy Plant Mini Kit (Qiagen) with a 
modified procedure of the manufacturer’s protocol for purification of total DNA from plant 
tissue (“Mini Protocol”). Pellets were resuspended in 400 µL buffer AP1 and transferred into 
Rotilabo®-microcentrifuge tubes with screw cap containing 250 µg of sterile glass beads 
(diameter ≤ 106 µm; Sigma). The samples were shaken in a Mini BeadBeater for 3 min at 
4,800 rpm and transferred into 2 mL centrifuge tubes. 4 µL RNase A stock solution  
(100 mg mL-1) were added and the mixture was incubation in a thermomixer (Eppendorf) for 
10 min at 65 °C with 15 s shaking at 1,000 rpm every 2.5 min. 130 µL buffer AP2 were added 
and the samples were incubated for 5 min on ice. The cell lysate was centrifuged for 4 min at 
16,110 x g. The supernatant was transferred onto QIAshredder Mini spin columns placed in  
2 mL collection tubes and centrifuged for 4 min at 16,110 x g.  The filtrate was transferred 
into a new tube. 1.5 volumes of buffer AP3/E were added and mixed immediately. 650 µL of 
the mixture were pipetted into the DNeasy Mini spin column placed in a 2 mL collection tube 
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and centrifuged for 1 min at 6,000 x g to load DNA onto the column. The eluate was 
discarded and the previous step was repeated with the remaining sample. 500 µL buffer AW 
were added and centrifuged for 1 min at 6,000 x g. The eluate was discarded and another 
500 µL buffer AW were added and centrifuged for 4 min at 16,110 x g. DNA was eluted from 
the column into 1.5 mL tubes in two steps, each time incubating the column in 100 µL of 
buffer AE (10 mM Tris-HCl, 0.5 mM EDTA, pH 9.0) for 5 min and centrifugation for 1 min at 
6,000 x g. Isolated DNA was stored at -20 °C until use.  
 
3.11.3 Amplification of 16S rDNA fragments 
Bacterial 16S rDNA fragments of isolated DNA were amplified according to Bressler et al. 
(2009) by touchdown polymerase chain reaction (PCR) using the primer pair 27f_GC and 
517r (Tab. 3.3). A PCR master mix was prepared according to Tab. 3.2. 1 µL of DNA sample 
was mixed with 49 µL of PCR master mix in 0.2 mL reaction tubes. PCR consisted of an initial 
denaturation step at 94 °C (1 min), 10 cycles of 94 °C (1 min), 71 °C (1 min) decreasing by  
1 °C per cycle to 61 °C, and 72 °C (1.5 min), followed by 19 cycles of 94 °C (1 min), 61 °C (1 
min) and 72 °C (1.5 min), and one final elongation cycle of 72 °C (7 min). DNA concentration 
was quantified with Quant-iT™ PicoGreen® dsDNA Reagent Kit (Invitrogen/Molecular 
Probes) (Section 3.9.4).  
 
Table 3.2: PCR master mix composition for one reaction. 
Component Concentration Final Concentration Volume per sample [µL] 
Taq-Master 5 x 1 x 10 
PCR buffer 10 x 1 x 5 
dNTPs Mix 10 mM 200 µM 1 
27f_GC primer 10 µM 0.5 µM 2.5 
517r primer 10 µM 0.5 µM 2.5 
Taq-Polymerase 5 U µL
-1
 2.5 U 0.5 
H2O (for mol. biology) - - 27.5 
Final Volume - - 49 
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Table 3.3: Primers applied for 16S rDNA amplification. 
Primer Sequence Reference 
27f_GC 
5’-CGC CCG CCG CGC CCC GCG CCC GTC CCG CCG CCC CCG CCC 
CAG AGT TTG ATC (A/C)TG GCT CAG-3’ 
Murray et al. (1996) (GC-clamp) 
Kilb et al. (1998) (underlined) 
517r 5’-ATT ACC GCG GCT GCT GG-3’ Murray et al. (1996) 
 
 
3.11.4 Agarose gel electrophoresis 
The PCR products were analyzed on a 1 % agarose gel to confirm amplification and correct 
size of the amplicon. 5 µl of PCR product were mixed with 1 µl TriTrack (6 x) loading dye 
(Fermentas) and pipetted into wells of the agarose gels. 5 µl of Mass Ruler DNA ladder 
(Fermentas) were added into one well of each gel. The gel electrophoresis was run for 
approximately 50 minutes at 100 V in 1 x TAE buffer (40 mM Tris, 20 mM acetic acid,  
1 mM EDTA, pH 8.3; Bio-Rad). Gels were stained with ethidium-bromide (Section 3.13.2) and 
examined with the Molecular Imager Gel Doc, Universal Hood II (Bio-Rad). 
 
3.11.5 Denaturing Gradient Gel Electrophoresis (DGGE) 
DGGE was performed using 7.5 % acrylamide gels (16 cm x 14 cm x 0.1 cm) with a 40 % to  
60 % denaturation gradient (100 % denaturant corresponds to 7 M urea and 40 % 
formamide). 14 mL denaturant solutions of 40 % and 60 %, respectively, were prepared 
according to Tab. 3.4. 
 
Table 3.4: Composition of 40 % and 60 % denaturant solutions for DGGE. 
Component 40 % denaturant solution 60 % denaturant solution 
0 % denaturant 
(7.5 % acrylamide) 
8.4 mL 5.6 mL 
100 % denaturant 
(7 M urea, 40 % formamide, 7.5 % acrylamide) 
5.6 mL 8.4 mL 
  
140 µl of 10 % (w/v) APS were added to the solutions. Polymerization of the gels was started 
by addition of 9 µL or 18 µL TEMED (N,N,N’,N’-tetracethylethylendiamine) to the 40 % or  
60 % denaturant solution, respectively. Gels were poured using a gradient delivery system 
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(Model 475, Bio-Rad), overlaid with aqueous 2-butanol and allowed to polymerize for 3 to 4 
hours. After polymerization the 2-butanol phase was removed and a stacking gel (5 mL 7.5 % 
acrylamide, 60 µL 10 % APS, 6 µL TEMED) was poured on top of the separating gel and 
allowed to polymerize. Samples were mixed with TriTrack (6 x) loading dye (Fermentas) and 
volumes containing 500 ng – 750 ng of DNA were loaded into the wells of the gel. 
Electrophoresis was carried out for 17 hours at 70 V and 58 °C in 1 x TAE buffer (Bio-Rad) in a 
DCode™ Universal Mutation Detection System (Bio-Rad). The gels were stained either with 
the silver staining protocol according to Blum et al. (1987) (Section 3.13.3) or with Sybr®Gold 
(Invitrogen/Molecular Probes) (Section 3.13.5). 
DGGE band patterns were evaluated by counting the number of bands of each sample. 
Similarity of band patterns was analyzed by calculating the Dice coefficient Cs according to 
the following equation: 
 
Cs = 2j / (a + b) 
 
With:  j = number of similar bands in two samples (A and B) 
a = number of samples in sample A 
b = number of samples in sample B 
 
3.11.6 Fluorescence in situ hybridization 
Detection of P. aeruginosa in drinking-water biofilms by FISH was performed by use of the 
Psae 16S-182 probe (Wellinghausen et al., 2005). 2 mL of the drinking-water biofilm 
suspension were transferred into 2 mL Eppendorf tubes and centrifuged for 10 min at  
6,000 x g and 4 °C. The supernatant was discarded and the cells were resuspended in 2 mL  
4 % paraformaldehyde in phosphate-buffered saline (PBS, pH 7.2). The suspension was 
incubated for 1 h at 4 °C. The cell suspension was centrifuged for 5 min at 6,000 x g and 4 °C. 
The supernatant was discarded and the cell pellet was washed with 2 mL PBS. The cell 
suspension was centrifuged for 5 min at 6,000 x g and 4 °C. The supernatant was discarded 
and the cells were resuspended in a 1:1 (v/v) mixture of PBS and ethanol and stored at -20 °C 
until further use. 10 µL of the fixed sample were pipetted into a well of an epoxy-coated  
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8-well diagnostic slide (Thermo Scientific) and air-dried. The slide was successively 
submerged in 50 %, 80 % and 96 % ethanol solutions for 3 min each for dehydration and air-
dried. The fixed and dehydrated cells were hybridized by addition of 10 µL hybridization 
buffer containing 5 µg mL-1 of the Psae 16S-182 probe. Hybridization was carried out in a 
humid reaction chamber (Vermicon) for 90 min at 46 °C. The slide was transferred into a 
reaction chamber containing 25 mL washing buffer, preheated to 46 °C, and incubated for  
15 min at 46 °C to remove unbound probe. The slides were washed with deionized water 
and air-dried. Cells were counterstained by addition of 10 µL DAPI (1 µg mL-1) solution to the 
sample and incubation for 20 min at room temperature in the dark. The slides were washed 
in deionized water and stored at 4 °C until enumeration. Enumeration of cells was carried 
out with an epifluorescence microscope (Laborlux S; Leitz Germany) at 1,000 fold 
magnification (Objective: PL Fluotar; 100x/1.32 oil; PHACO 3) with the help of a counting grid 
(100 µm x 100 µm). FISH-positive and DAPI stained cells were enumerated in the same 20 
randomly chosen fields of view successively applying the Cy3 and DAPI filter, respectively. 
The ratio of FISH-positive and DAPI stained cells was determined, and concentration of FISH-
positive cells was calculated by multiplication of the ratio with total cell counts as 
determined by the DAPI method as described in Section 3.7.1. 
 
 
3.12 Analysis of proteins by 2D gel electrophoresis 
3.12.1 Sample preparation 
EPS proteins of drinking-water biofilms were separated by 2D gel electrophoresis (2DE). EPS 
samples isolated from drinking-water biofilms as described in Section 3.8 required additional 
preparatory steps, since preliminary experiments showed that eDNA and high contents of 
inorganic cations interfered with the isoelectric focusing step of the 2DE (Fig. 4.6). EPS 
solutions were treated with the DNase Benzonase to remove interference caused by eDNA. 
1 mL Benzonase buffer (500 mM Tris, 10 mM MgCl2, pH 8, filter sterilized) were added to  
9 mL aliquots of EPS solution. 10 µL of Benzonase (from Serratia marcescens; purity > 99 %; 
Novagen) corresponding to final concentration of 65 U mL-1 were added, mixed thoroughly 
and incubated at 37 °C for 1 h. Preliminary experiments indicated that these conditions 
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resulted in degradation of DNA by > 99.5 %. Benzonase treated EPS solutions were dialysed 
against  
3 x 5 L changes of deionized water (2 changes 1 h and 1 change overnight; Visking dialysis 
tubing, MWCO 12 - 14 kDa, Serva). The protein concentration of benzonase-treated and 
dialysed EPS solutions was determined with the Lowry assay (Section 3.9.1). Aliquots 
containing the desired protein content were freeze-dried. 
 
3.12.2 Isoelectric focusing (IEF) 
Freeze-dried EPS samples were dissolved in 380 µL IEF buffer (7 M urea, 2 M thiourea, 4 % 
CHAPS, 5 mM tributylphosphine, 0.25 % Servalyt 3 – 10 ampholyte, few crystals 
bromophenol blue prepared in ultrapure water; Ultrapur, Merck) and incubated for 1 h at 
room temperature. 330 µL of the sample solutions were pipetted along channels of an IEF 
tray. IPG strips (immobilized pH gradient; pH 3 – 10 linear, Bio-Rad) were placed gel-side 
down into the sample-containing channels and each strip was covered with 4 mL mineral oil. 
The IPG strips were passively rehydrated with the sample solution overnight (approximately 
17 hours) at 20 °C. After rehydration electrode-wicks (Bio-Rad) were moistened with 
ultrapure water (Ultrapur, Merck) and placed below the IPG strips onto the electrodes of the 
IEF tray. The IEF was run at 20 °C with a maximal amperage of 75 µA per IPG strip using the 
focusing program as shown in Tab. 3.5. 
 
Table 3.5: Program applied for the IEF of EPS proteins from drinking-water biofilms. 
Step Voltage Mode Duration 
1 200 V Rapid increase 45 min 
2 500 V Rapid increase 45 min 
3 1,000 V Rapid increase 45 min 
4 10,000 V Linear increase 4 h 
5 10,000 V Rapid increase approximately 5 h 
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The IEF was carried out until approximately 75 kVh were reached. Electrode-wicks were 
exchanged regularly (at least between each step) to allow desalting the samples and 
enhance current flow. Each step of the program was monitored and if necessary extended 
until the amperage was below 45 µA per IPG strip prior to switching to the next step. IPG 
strips were either directly applied for 2nd dimension separation of proteins or stored at  
-20 °C for up to 1 week.  
 
3.12.3 Preparation of SDS-Tris-glycine gels 
Proteins were separated by size in the 2nd dimension on 12 % polyacrylamide SDS-Tris-
glycine gels. Cassettes each composed of a pair of glass plates, 1 mm spacers and screw 
clamps were thoroughly cleaned with deionized water and acetone and assembled. Per gel 
(20 cm x 20 cm) 17 mL deionized water, 12.5 mL 1.5 M Tris/HCl pH 8.8, 20 mL 30 % (w/v) 
acrylamide/bisacrylamide solution (ratio 29:1), 0.5 mL 10 % (w/v) SDS, 25 µL TEMED and  
75 µL 40 % (w/v) APS were prepared and poured in the space formed between the plates of 
the cassette. 3 mL water-saturated 2-butanol were pipetted on top of the gel to form an 
even surface and to protect the gels from drying. The gels were allowed to polymerize for  
3 h at room temperature and stored overnight at 4 °C.   
 
3.12.4 Gel electrophoresis of EPS proteins 
IPG strips were equilibrated on a rocking platform (WT 15, Biometra) set to slight tilting for 
10 min submerged in 10 mL equilibration buffer (6 M urea, 30 % glycerol, 2 % SDS, 50 mM 
Tris/HCl pH 8.8) containing 0.1 g dithiothreitol in the first step and for another 10 min in 
equilibration buffer containing 0.5 g iodoacetamide in the second step.  
Residual 2-butanol was removed from the gel surface and the surface was washed three 
times with 1 x SDS-Tris-glycine running buffer (0.192 M glycine, 0.025 M Tris, 0.1 % (w/v) 
SDS; Roth). Equilibrated IPG strips were briefly washed in the running buffer and applied 
onto of the upper gel surface. An electrode-wick was wetted with 5 µL protein marker 
(Mark12, Invitrogen) and placed in a corner on the gel surface. The IPG strip and the 
electrode-wick were fixed with 0.5 % (w/v) agarose containing a few crystals of 
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bromophenol blue, avoiding entrapment of air. Electrophoresis was performed at 20 mA per 
gel for 45 min, followed by 35 mA per gel for 4.5 h in a Protean II Xi cell (Bio-Rad) and  
1 x SDS-Tris-glycine running buffer (Roth). Gels were stained with the Coomassie-Brilliant 
Blue protocol (Kang et al., 2002), SyproRuby protocol, or according to the silver staining 
protocol by Blum et al. (1987) (Section 3.13). 
 
3.12.5 MALDI-TOF-MS 
MALDI-TOF-MS was applied to identify EPS proteins which were previously separated by 
2DE. The analysis required a clean-up and trypsin digestion of the selected protein spots 
using the following solutions and steps. 
Solutions: 
 30 mM potassium-hexacyanoferrate 
0.198 g K3[Fe(CN)6] were dissolved in 20 mL double distilled water 
 100 mM sodium thiosulfate 
0.496 g Na2S2O3 were dissolved in 20 mL double distilled water 
 10 mM ammonium hydrogencarbonate buffer 
77 mg NH4HCO3 were dissolved in 100 mL double distilled water. The solution was 
prepared fresh on the day of clean-up. 
 5 mM dithiothreitol in 10 mM ammonium hydrogencarbonate 
15.4 mg dithiothreitol were dissolved in 20 mL 10 mM NH4HCO3 buffer. The solution was 
prepared fresh on the day of clean-up. 
 55 mM iodoacetamide in 10 mM ammonium hydrogencarbonate 
102 mg iodoacetamide were dissolved in 10 mL 10 mM NH4HCO3 buffer. The solution was 
prepared fresh on the day of clean-up 
 Acetonitrile  
 25 ng µL-1 trypsin working solution 
A 100 ng µl-1 trypsin (from porcine pancreas, Promega) stock solution was prepared in  
1 mM acetic acid. The stock solution was diluted 4 fold in 10 mM NH4HCO3 buffer 
immediately prior to use. 
 Matrix solution 
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10 mg mL-1 a-cyano-4-hydroxycinnamon acid (CHCA) were prepared in acetonitrile and 
0.1 % trifluoroacetic acid. 
 Calibration standard 
The mass standards kit for the 4700 proteomics analyzer (Applied Biosystems, 4333604) 
was used for calibration. The calibration mixture was composed of β-galactosidase 
digested des-Arg1-Bradykinin, Angiotensin I, Glu1-Fibrinopeptide B, ACTH (1-17) and 
ACTH (18-39) suspended in a CHCA matrix. 
 
Sample clean-up and digestion: 
All instruments were thoroughly rinsed with acetone and allowed to dry. 1 mL single use 
plastic pipette tips were used to excise spots from the 2D gels. Before use the pipette tips 
were cut to obtain an opening of approximately 2 mm in diameter.  Excised gel plugs were 
transferred into 1.5 mL Eppendorf tubes. 50 µL of a 10 % acetic acid solution were added 
and the gel plugs were stored at 4 °C until clean-up. The clean-up was carried out in a 
heating block set to 21 °C and 500 rpm shaking if not otherwise indicated. Solutions were 
removed between each step. 
1. The gel plugs were washed twice in 50 µL of a 1:2 (v/v) K3[Fe(CN)6] and Na2S2O3 solution 
for 10 min. 
2. The gel plugs were washed 3 x in 400 µL double distilled water for 10 min and the water 
was discarded. 
3. 50 µL of NH4HCO3 buffer were added and the gel plugs were incubated for 10 min. 
4. The gel plugs were destained for 10 min with 50 µL of a 1:1 (v/v) mixture of acetonitrile 
and NH4HCO3. 
5. Proteins within the gel plugs were reduced in 50 µL of the dithiothreitol/NH4HCO3 
solution for 15 min at 60 °C. 
6. Proteins within the gel plugs were alkylated by incubation in 50 µL of the 
iodoacetamide/NH4HCO3 solution for 15 min. 
7. The gel plugs were washed in 50 µL NH4HCO3 solution for 10 min.  
8. The gel plugs were destained in 50 µL acetonitrile/NH4HCO3 solution for 10 min.  
9. Steps 7. and 8. were repeated twice. 
10. The gel plugs were dried in a vacuum centrifuge set to 45 °C. 
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11. 5 µL of trypsin working solution were added and allowed to be soaked into the gel.  
10 µL NH4HCO3 buffer were added on top and the samples were incubated overnight. 
Peptides were released from the gels into the buffer by 10 min of ultrasound treatment 
in an ultrasound bath. 
 
MALDI-TOF-MS and data acquisition: 
1. 0.5 µL of sample were mixed with 0.5 µL matrix-solution. 2 x 0.5 µL were pipetted onto 
two MALDI targets and allowed to dry. 
2. 0.5 µL of the calibration standard were applied onto the designated MALDI targets and 
allowed to dry. 
3. MS-spectra were acquired with a MALDI-TOF/TOF-MS 4800 Proteomics Analyzer set to 
laser intensity of 2900 mW, 500 total shots per spectrum, mass range 800 – 4000 Da, 
mass focus 2000 Da, MS reflector positive, acquisition control automatic. 
4. MS-data were processed with the AB SCIEX Data Explorer software. 
5. Protein identification was carried out with the Mascot – peptide mass fingerprint 
software (Matrix Science; Perkins et al. 1999) using the NCBInr database, choosing 
trypsin as enzyme, carbamidomethyl (C) as fixed modification, peptide tolerance of  
± 0.15 Da, MH+ mass values and allowing up to 1 missed cleavage. Protein mass was 
given by the Mascot software. 
6. Theoretical pI were determined with the help of the Compute pI/Mw software (ExPASy 
Bioinformatics Resource Portal; http://web.expasy.org/compute_pi/). Allocation of 
proteins was predicted using the CELLO v.2.5: subCELlular LOcalization predictor 
software (Molecular Bioinformatics Center, National Chiao Tung University; 
http://cello.life.nctu.edu.tw/).  
 
Optional enrichment of peptides: 
In case of low MS-signal intensities trypsin digested samples were enriched using ZipTip C18 
pipette tips (Millipore). Prior to use the C18 bed was successively conditioned by 3 x 
aspirating and dispensing of 10 µL volumes of acetonitrile, followed by 3 x aspirating and 
dispensing 10 µL volumes of 50 % acetonitrile/0.1 % trifluoroacetic acid solution and 3 x 
aspirating and dispensing of 10 µL volumes 0.1 % trifluoroacetic acid. Tryptic digests were 
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loaded onto the C18 bed by aspirating and dispensing the sample (obtained in step 11 of 
sample clean-up and digestion) 10 times. The peptides were eluted by aspirating 2 µL of 
matrix solution and dispensing equal volumes (approximately 1 µL) onto two MALDI targets. 
 
3.13 Gel staining and image acquisition 
3.13.1 Coomassie Brilliant Blue staining 
Gels were stained according to an improved Coomassie Brilliant Blue (CBB-G250) protocol 
developed by Kang et al. (2002). Proteins were fixed by incubating the gels in 500 mL 30 % 
ethanol containing 2 % phosphoric acid for 1 h. Gels were stained overnight in 500 mL 
staining solution composed of 0.02 % CBB-G250, 2 % (w/v) phosphoric acid, 5 % aluminum 
sulfate and 10 % ethanol. All staining steps were performed in plastic containers at slight 
shaking on a rocking platform at room temperature. Gels were scanned with the Imaging 
Densitometer GS-700 (Bio-Rad). 
 
3.13.2 Ethidium bromide staining 
Agarose gels were stained in a 1 L ethidium bromide bath (1 µg mL-1) for 15 min, followed by 
destaining for up to 5 min in deionized water. The staining was carried out in containers with 
lid made of stainless steel. The gels were examined with the Molecular Imager Gel Doc, 
Universal Hood II (Bio-Rad). 
 
3.13.3 Silver staining 
Silver staining of gels was performed according to the protocol described by Blum et al. 
(1987) and shown in Tab. 3.6. 400 mL of each solution were prepared fresh in deionized 
water. All staining steps were performed in plastic containers at slight shaking on a rocking 
platform at room temperature. Gel images were taken with the Imaging Densitometer GS-
700 (Bio-Rad). 
 
   Methods 
 
81 
 
Table 3.6: Silver staining protocol according to Blum et al. (1987). 
Step Solution Time of treatment 
Fix 
 
 
50 % (v/v) methanol  
12 % (v/v) acetic acid 
0.5 mL L
-1
 37 % formaldehyde 
≥ 1 h 
Wash 50 % (v/v) ethanol 3 x 20 min 
Pretreat 0.2 g L
-1
 Na2S2O3 x 5 H2O 1 min 
Rinse Deionized water 3 x 20 min 
Impregnate 
 
2 g L
-1
 silver nitrate 
0.75 mL L
-1
 37 % formaldehyde 
20 min 
Rinse Deionized water 2 x 20 min 
Develop 
 
 
50 g L
-1
 Na2CO3 
0.5 mL L
-1
 37 % formaldehyde 
4 mg L
-1
 Na2S2O3 x 5 H2O 
1 – 10 min 
Wash Deionized water 2 x 2 min 
Stop 
 
50 % (v/v) methanol 
12 % (v/v) acetic acid 
10 min 
Wash 50 % (v/v) methanol ≥ 20 min 
 
3.13.4 Simply Blue Safe Stain 
Zymogram gels were stained with the commercially available Simply Blue Safe Stain 
(Invitrogen/Molecular Probes) according to the manufacturer’s instructions. Gels were 
washed in 100 mL deionized water 3 x for 5 min, discarding the water after each interval. 
The gels were covered with the staining solution and incubated for 1 h at room temperature. 
Gels were washed 2 x for 1 h in deionized water. All staining steps were performed in plastic 
containers at gentle agitation on a rocking platform at room temperature. Gel images were 
taken with the Imaging Densitometer GS-700 (Bio-Rad). 
 
3.13.5 SybrGold staining 
Fluorescent staining of DGGE gels was performed with the commercially available SybrGold 
(Invitrogen/Molecular Probes) stain. The reagents were prepared according to the 
manufacturer’s instructions. Gels were stained for 1 h in 500 mL 1 x TAE-buffer (Bio-Rad) 
adjusted to pH 8.0 and containing 50 µL of the 10,000 x SybrGold concentrate. The staining 
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was performed in a lightproof, plastic staining container with lid, placed on a rocking 
platform which was set to gentle agitation. Gels were scanned with a Molecular Imager FX 
pro plus Fluorescence Laser Scanner (Bio-Rad) connected to an FX External Laser Module 
(Bio-Rad). Excitation was set to 488 nm and fluorescence was detected using a 530 nm band 
pass filter. 
 
3.13.6 SyproRuby protein gel stain 
SDS-Tris-glycine gels were stained with the fluorescent dye SyproRuby (Invitrogen) according 
to the manufacturer’s basic protocol instructions. Gels were incubated twice in 500 mL 
fixation solution (50 % (v/v) methanol, 7 % (v/v) acetic acid) for 30 min. The fixation solution 
was decanted and 500 mL of SyproRuby stain were added. The gels were incubated 
overnight in lightproof, plastic staining containers with lid. The gels were washed in 500 mL 
wash solution (10 % (v/v) methanol, 7 % (v/v) acetic acid) for 30 min and rinsed twice in 
deionized water for 5 min. All steps were performed on a rocking platform set to gentle 
agitation. Images were acquired with the Molecular Imager FX pro plus Fluorescence Laser 
Scanner (Bio-Rad) connected to an FX External Laser Module (Bio-Rad) set to excitation at 
488 nm and emission detected at 610 nm. 
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4. RESULTS 
The main aim of the current study was the characterization of drinking-water biofilms and 
their EPS grown in drinking water of different distribution systems as well as plumbing 
systems by microbiological, molecular biological and biochemical means. The first part of the 
study required establishment and adaptation of methods for the cultivation of drinking-
water biofilms, for EPS isolation, as well as methods for quantitative and qualitative analyses 
of the biofilms and their EPS. 
 
4.1  Establishment of methods for the cultivation of drinking-water biofilms 
and EPS recovery 
4.1.1 Cultivation of drinking-water biofilms 
Drinking-water biofilms were grown on an EPDM rubber material, which complied with 
physical and chemical requirements for rubber materials used in drinking water systems, but 
not with microbiological recommendations according to DVGW Code of Practice W270 
(DVGW, 2007). In previous studies Bressler et al. (2009) showed that exposure of this EPDM 
material to drinking water resulted in significant growth of drinking-water biofilms. In their 
study the biofilms reached a quasi-stationary state after 14 d of incubation in flow-through 
reactors, and remained constant during further incubation for up to 5 weeks. The 
experimental setup by Bressler et al. (2009) was chosen as basis for the current study.  
EPDM coupons were inserted into stainless-steel flow-through reactors, which were 
connected to drinking water taps of plumbing system A and continuously perfused with  
50 mL min-1 drinking water for 14 d. The mean water temperature was 17.3 °C ± 2.9 °C 
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(range 10.8 °C to 21.4 °C; n = 30 over 5 independent reactor runs). Free chlorine was usually 
below the limit of detection (< 0.01 mg L-1) with occasional readings of 0.01 mg L-1. The 14 d 
cultivation of drinking-water biofilms on EPDM in this study resulted in macroscopically 
visible, multi-layered biofilms with a biofilm thickness of approximately 100 µm estimated by 
CLSM (Fig. 4.1). The wet weight was 11.3 ± 3.6 mg cm-², the dry weight was 0.09 ±  
0.03 mg cm-2, and the water content was 99.2 ± 0.2 % (n = 4 independent reactor runs). SEM 
and CLSM images of 14 d-old biofilms indicated a relatively dense coverage of the rubber 
material by biofilm cells. Total cell counts were 2.6 x 108 ± 1.4 x 108 cells cm-² (n = 10 
independent reactor runs). The culturability of 14 d-old biofilm cells was approximately one 
magnitude lower compared to the cell counts, showing HPC values of 3.1 x 107  
± 2.5 x 107 cfu cm-2 (n = 10 independent reactor runs).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1: Images of 14 d-old drinking-water biofilms grown on EPDM showing a) a macroscopical view of the 
biofilm, b) an SEM top view of a dried biofilm at 10,000 x magnification, c) and d) epifluorescence microscopic 
top views of live/dead stained biofilms at 100 x and 1,000 x magnification, respectively and e) a CLSM side-view 
(z-stack) image of the lower 60 µm of a live/dead stained biofilm at 1,000 x magnification. 
 
 
10 µm 
 
 
100 µm 
 –  Approximate 
height: 60 µm  
 –  Substratum  
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4.1.2 Optimization of EPS isolation by CER 
The CER method for isolation of EPS was adapted from Jahn and Nielsen (1995), who 
isolated EPS from sewer biofilms and pure culture biofilms of P. putida on scales of several 
hundred mL. This method functions by removal of multivalent cations, which cross-link 
polymers within the biofilm matrix, and consequential destabilization of the EPS matrix. The 
CER isolation required miniaturization and optimization to meet the requirements of the 
usually low quantities of EPS in drinking-water biofilms. The duration of CER treatment was 
optimized with respect to the yield of EPS components and detrimental effect on biofilm 
organisms. 8 mL aliquots of biofilm suspensions (corresponding to approximately  
8 x 108 cells mL-1) were shaken on a Vortex shaker in 50 mL centrifuge tubes for up to 60 min 
at room temperature with or without CER to determine optimal treatment duration. 
Proteins, carbohydrates and DNA were quantified in filter sterilized (pore size 0.2 µm) 
undialysed EPS solutions.  
Proteins, carbohydrates and DNA were present in quantifiable concentrations in EPS 
fractions isolated by shaking without or with CER from 14 d-old drinking-water biofilms. 
Presence of uronic acids was not detected. Significantly increased yields of all measured EPS 
components compared to simple shaking treatment were found in EPS isolated from 
drinking-water biofilms with the help of the CER (p < 0.05) (Fig. 4.2). For carbohydrates and 
proteins the most significant increase in recovery occurred within 20 min of CER treatment. 
For this duration the yields of carbohydrates and proteins were increased 2.2 fold  
(2.25 µg cm-²) and 3.5 fold (3.66 µg cm-²), respectively.  Prolonged CER isolation of 40 min or 
60 min showed no statistically significant further increase in protein or carbohydrate 
recovery compared to CER treatment for 20 min (p > 0.05). The DNA yield was 146 fold  
(0.29 µg cm-²) increased by 20 min CER isolation compared to shaking without CER. 
Prolongation of the CER isolation procedure resulted in further increase of DNA recovery to 
concentrations of 0.6 µg cm-2 after 60 min of CER treatment. 
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Figure 4.2: Protein, carbohydrate and DNA concentrations in EPS of 14 d-old drinking-water biofilms after EPS 
isolation by shaking without (dark bars) or with (light bars) the use of CER. Proteins were quantified by the 
modified Lowry assay, carbohydrates were determined by the sulphuric acid/phenol method, eDNA was 
analyzed by PicoGreen (n = 4 independent reactor runs).  
 
4.1.3 Cell integrity measurements after CER isolation 
Potential lysis of drinking-water biofilm cells induced by the CER isolation procedure was 
analyzed by determining culturability of cells after EPS isolation and resuspended in the 
initial volume of 6 mM phosphate buffer (pH 7.0), presence of the strictly intracellular 
enzyme G6PDH in the EPS, as well as presence of the LPS component KDO in the EPS. 
 
 
 
 
 
 
 
 
Figure 4.3: Culturability of 14 d-old drinking-water biofilm cells after shaking treatment without (dark grey bars; 
n = 2) or with (light grey bars; n = 4) CER for up to 60 min. HPC was determined by spread-plate method on R2A 
medium and enumeration of colonies after incubation for 7 d at 20 °C. 
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Total cell counts and culturability of biofilm cells was determined for the initial biofilm 
suspension, as well as biofilm cells after EPS isolation by shaking in presence or absence of 
CER for up to 60 min. Total cell counts showed similar values for the biofilm suspension as 
well as biofilm cells after EPS isolation by shaking or CER, which were in the range of  
2.6 x 108 cells cm-2 and 4.4 x 108 cells cm-2. The biofilm cells showed no statistically 
significant decrease of culturability due to the EPS isolation procedure in presence or 
absence of CER (Fig. 4.3). A slightly decreasing trend of culturability, though not being of 
statistical significance, could be noticed with prolonged CER treatment from initially 
 4.2 x 107 cfu cm-2 in the untreated biofilm suspension down to 9.0 x 106 cfu cm-2 after 60 
min of treatment.  
The activity of G6PDH in the EPS solution prepared by shaking treatment for 20 min or  
60 min in presence or absence of CER was applied as further means to detect cell lysis 
caused by CER treatment. Measurements of G6PDH activity in cell extracts confirmed the 
presence of the enzyme within drinking-water biofilm cells, showing a specific activity of 
0.03 ΔA min-1 mg-1 protein (Fig. 4.4). Activity of G6PDH in the EPS solutions isolated without 
or with CER could not be detected, regardless of the duration of CER treatment, suggesting 
that significant lysis due to shaking in absence or in presence of CER did not occur.  
 
 
 
 
 
 
 
 
 
Figure 4.4: G6PDH activity within concentrated total biofilm, as well as cell extracts and EPS obtained by 20 and 
60 min of EPS isolation treatment by shaking and CER and concentrated 20 fold. 
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KDO is a characteristic component of LPS in the outer membrane of Gram-negative bacteria 
and was additionally applied as means to determine cell damage. KDO could not be detected 
in the EPS, nor in the initial biofilm suspension, which was used as positive control of 
presence of KDO in the biofilms. This indicated that the sensitivity of the KDO assay is 
insufficient for determination of KDO in the EPS of drinking-water biofilms. 
 
20 min shaking in combination with CER was set as standard for further analyses, showing 
significantly higher EPS yields compared to shaking treatment without CER and no noticeable 
impact on biofilm cells.  
 
4.1.4 Efficiency of CER isolation 
The efficiency of EPS isolation by CER is attributed to its capability to bind and in this way 
remove multivalent cations such as Ca2+, Mg2+, Fe2+/3+ or Cu1+/2+ from the biofilm suspension, 
which in their presence interact with negatively charged sites of EPS components causing 
bridging of polymers (Park and Novak, 2007). Removal of these cations results in the 
destabilization of the EPS matrix and increased solubilization of EPS components. The 
presence of Ca2+and Mg2+, which are characteristic cations in drinking water, and Fe2+/3+ and 
Cu1+/2+, which are most frequently used in materials in drinking water distribution systems, 
was confirmed in drinking-water biofilms by SEM imaging coupled with an energy-dispersive 
x-ray spectroscopic microanalysis (EDX; EDAX EDS-Analysis system, Genesis 4000). SEM 
images showed particulate deposits on or in between biofilm cells on the EPDM. EDX spectra 
identified Ca, Mg, Fe and Cu along with Zn and Si as most prominent cations in these 
deposits (Fig. 4.5, target), as well as throughout the drinking-water biofilm matrix. 
The metal cations were quantified in drinking water and in biofilm samples by ICP-OES and 
the concentrations were compared on a wet weight basis, assuming the wet weight of 1 mL 
of drinking water to be 1 g. The quantification of the cations in drinking-water biofilms 
revealed a 1.9 fold accumulation Ca2+, a 2.7 fold accumulation of Mg2+, and a 500 fold 
accumulation of Fe2+/3+ and Cu1+/2+compared to the water phase (Tab. 4.1).  
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Figure 4.5: SEM image including an EDX spectrum and relative composition of inorganic deposits found in a 
dried 14 d-old drinking-water biofilm. Target indicates the region analyzed by the EDX-probe. 
 
The efficiency of the CER to bind and in this way to remove multivalent cations from the 
biofilm suspension was analyzed by determining the concentrations of Ca2+, Mg2+, Fe2+/3+ and 
Cu1+/2+ in different biofilm fractions in the course of EPS isolation by CER. The fractions were 
the initial biofilm suspensions of 14 d-old drinking-water biofilms, the biofilm suspensions 
treated for 20 min with CER, as well as the EPS solutions obtained after 20 min CER 
treatment, centrifugation and filter sterilization. The quantification allowed for calculation of 
the proportions of the metals associated with the cells (including metals strongly bound to 
or within cells, or in particulate form), those remaining in the EPS, or the proportions of the 
metals removed by the CER (Tab. 4.1). Ca2+ was removed by > 86.3 %, Fe2+/3+ by  
36.7 ± 31.6 % and Cu1+/2+ by 43.9 ± 1.8 % from the biofilm suspension by using CER. The 
concentration of Mg2+ in the CER treated biofilm suspension decreased with over 56.3 % 
below limit of detection of the applied method. Fe2+/3+ and Cu1+/2+ were additionally 
removed by 56.5 ± 27.4 % and 52.0 ± 1.5 % in the course of EPS clean-up by centrifugation 
and filter sterilization, respectively, suggesting that a high proportion of these cations was 
bound to the cell material, present within biofilm cells, or in particulate form. 
C
N
O
Au
S
Mg
Cu
Zn
Fe
Pd Ca
Fe
Si
P
Counts
keV
Element Wt %
C 28.85
N 30.78
O 12.75
Cu 3.87
Zn 4.06
Mg 0.99
Si 1.79
P 2.9
S 5.96
Ca 5.04
Fe 3
Total 100
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Table 4.1: Comparison of metal ion concentrations in drinking water and in 14 d-old drinking-water biofilm, as 
well as the distribution of the cations after EPS isolation by 20 min CER treatment. 100 % correspond to 
concentrations in the biofilm suspension. Metal concentrations were determined by ICP-OES (n = 2 
independent reactor runs); n. d., not detected. 
Cation Concentration   Distribution of cations after EPS isolation  
 Drinking water Biofilm  Cells EPS CER  
 [µg mL-1] [µg g-1 wet weight]   [%]   
Ca
2+
 109 ± 7.1 205.8 ± 67.4   n. d. 7.6 ± 1.7 > 86.3  
Mg
2+
 11.4 ± 0.7 30.2 ± 9.9  n. d. n. d. > 56.3  
Fe
2+/3+
 < 0.015 7.4 ± 3.0  56.5 ± 27.4 6.8 ± 4.5 36.7 ± 31.6  
Cu
1+/2+
 0.087 ± 0.001 47.7 ± 1.6   52.0 ± 1.5 4.1 ± 0.3 43.9 ± 1.8  
 
 
4.2 Optimization of 2D gel electrophoresis for EPS proteins 
2D gel electrophoresis (2DE) was applied to qualitatively analyse EPS proteins from drinking-
water biofilms and to be able to compare different EPS isolation techniques on a qualitative 
level. 2DE required additional sample preparatory steps and an optimization of the 
isoelectric focusing step in order to produce well resolved protein spot patterns of EPS 
proteins. 
 
4.2.1 EPS sample preparation for 2DE 
EPS isolated from 14 d-old drinking-water biofilms by 20 min CER treatment were used for 
the optimization of 2D gel electrophoresis for EPS proteins. In a first attempt the EPS 
solutions recovered by 20 min CER isolation, centrifugation and filter sterilization (pore size 
0.2 µm) (Section 3.8) were freeze-dried directly without any additional clean-up steps, 
resuspended in IEF buffer and subjected to 2DE. IEF was carried out for 75 kVh. Gels were 
stained by silver (Blum et al., 1984). 
2DE of EPS samples without further clean-up resulted in a low number of distinct spots  
(< 50) most of which were located in the acidic pH range. However, the gels showed a smear 
and vertical streaking throughout the gel and a clearing zone in the region between pH 8 and 
pH 9 appeared, which indicated interference of inorganic salts or EPS components other 
than proteins during the focusing step of the 2DE (Fig. 4.6a).  
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To eliminate interference of salts during IEF, EPS samples were dialyzed against deionized 
water prior to freeze-drying and applied to 2DE. Dialysis of EPS samples allowed for 
detection of a larger diversity of proteins by 2DE compared to undialyzed samples, showing 
up to 100 focused spots located mainly in the acidic region between pH 3 and pH 7  
(Fig. 4.6b). The clearing zone could be reduced, however, vertical streaking was still present, 
especially in regions between pH 5 and pH 8, impeding the evaluation of the gels. 
 
 
 
 
 
 
 
 
 
Figure 4.6: 2DE gels of EPS proteins isolated from 14 d-old drinking-water biofilms by 20 min CER treatment a) 
without any sample clean-up and b) after dialysis. Protein load: 200 µg. 
 
DNA and certain carbohydrates are known to interfere with 2DE by clogging pores of IEF gels 
or directly by interacting with proteins, rendering their charge or size (Garfin and Heerdt, 
2000). Extracellular DNA and carbohydrates were present in the isolated EPS of 14 d-old 
drinking-water biofilms at considerable concentrations of 1.1 ± 0.1 µg mL-1 and 8.4 ±  
2.6 µg mL-1 (Section 4.1.2), respectively, and therefore, could cause interferences during 
2DE. DNA was removed from filter-sterilized EPS solutions by incubation with 65 U mL-1 
DNase Benzonase for 1 h at 37 °C. Preliminary experiments indicated that these conditions 
resulted in degradation of DNA by > 99.5 %. DNA-free EPS solutions were dialyzed to remove 
interfering salts, freeze-dried and applied to 2DE. 
Removal of DNA from EPS samples and subsequent dialysis resulted in well-resolved spots 
throughout all pH regions and with no noticeable interference. Usually, a total number 
ranging between 600 to 800 spots could be found in the EPS of 14 d-old drinking-water 
biofilms after clean-up with DNase and dialysis. The majority of spots were detected 
Mol. 
mass
[kDa]
200 –
116.3 –
97.4 –
66.3 –
55.4 –
36.5 –
31.0 –
21.5 –
pI 3 pI 10
| |
pI 3 pI 10
| |
a) b) 
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between pH 4 and pH 8 and molecular weightes of 21.5 kDa and 100 kDa. In one case a total 
number of up to 1400 spots could be resolved in pH regions between pH 3 and 10 and 
molecular weightes between 21.5 kDa and 200 kDa (Fig. 4.7). Recovery of a total of 1400 
spots, however, was achieved only once. DNase treatment with subsequent dialysis of EPS 
samples were implemented in the sample clean-up for further analyses by 2DE. 
 
 
 
 
 
 
 
 
 
Figure 4.7: 2DE gel of EPS proteins isolated from 14 d-old drinking-water biofilms by 20 min CER treatment 
optimized by EPS clean-up with DNase (Benzonase) treatment and subsequent dialysis. Protein load: 200 µg. 
 
4.2.2 Optimization of isoelectric focusing (IEF) for EPS samples 
IEF of EPS proteins isolated from 14 d-old drinking-water biofilms was optimized with regard 
to focusing duration, to produce high resolved protein spots in preferably short periods. IEF 
was carried out for a total of 45 kVh to 95 kVh with 10 kVh increments.  
Focusing for a total of 45 kVh resulted in well resolved spots in the neutral and acidic regions 
of the gel, however, the basic region exhibited pronounced horizontal streaking indicating 
incomplete focusing of proteins (Fig. 4.8). Prolonged focusing for 55 kVh for the most part 
eliminated horizontal streaking in the basic region, showing only a small number of blurred 
spots. IEF carried out for ≥ 65 kVh generally produced well resolved spots and similar protein 
patterns without noticeable interferences. 75 kVh were used for further analyses by 2DE to 
ensure sufficient focussing. 
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Figure 4.8: 2DE gels of EPS proteins isolated from 14 d-old drinking-water biofilms by 20 min CER treatment 
and focused for a) 45 kVh, b) 55 kVh, c) 65 kVh, d) 75 kVh, e) 85 kVh or f) 95 kVh. Protein load: 200 µg. 
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4.2.3 Selection of staining method for SDS-Tris-glycine gels 
Three staining protocols were tested and compared for their capability to stain EPS proteins 
from 14 d-old drinking-water biofilms, which were separated by 2DE on large format (20 cm 
x 20 cm x 0.1 cm) SDS-Tris-glycine gels. The methods were silver staining as described by 
Blum et al. (1984), an improved Coomassie brilliant blue staining technique according to 
Kang et al. (2002), and the commercially available SyproRuby protein gel stain 
(Invitrogen/Molecular Probes) (Section 3.13). 
The comparison showed that silver staining according to Blum et al. (1984) was the most 
sensitive and, therefore, most suitable method to stain gels containing isolated EPS proteins 
(Fig. 4.9c). The improved Coomassie brilliant blue staining, which according to Kang et al. 
(2002) is supposed to be as sensitive as silver staining when using mini-gels (7 cm x 7 cm x 
0.1 cm), in this study only showed a total of 10 weakly stained spots on the large format gels 
(20 cm x 20 cm x 0.1 cm) (Fig. 4.9a). Also the bands of the protein marker Mark12, applied 
on the gel for molecular weight estimation of the proteins, appeared very faint, indicating 
that the protocol by Kang et al. (2002) is not adequate to stain EPS proteins on large format 
gels as applied in this study. The fluorescent SyproRuby stain, which according to the 
manufacturer (Invitrogen/Molecular Probes) is also supposed to be as sensitive as silver 
staining, showed a total of 221 spots, however, the fluorescence signal was relatively weak 
and the diversity of detected spots was lower compared to silver staining (Fig. 4.9b). Silver 
staining according to Blum et al. (1984) was used for further staining of 2DE gels. 
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Figure 4.9: 2DE gels of EPS proteins isolated from 14 d-old drinking-water biofilms isolated by 20 min CER 
treatment and stained with a) Coomassie brilliant blue (Kang et al., 2002), b) SyproRuby protein gel stain or c) 
silver (Blum et al., 1984). Protein load: 200 µg. 
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4.3 Comparison of EPS isolation methods 
The optimized CER isolation was compared to alternative EPS isolation methods by NaOH in 
combination with formaldehyde, EDTA, or heat treatment in order to evaluate the 
effectiveness of the CER method. The methods were evaluated by the yields of isolated EPS 
determined quantitatively by photometric or fluorometric methods or qualitatively by 2D gel 
electrophoresis. Furthermore, the detrimental impact on biofilm cells, as well as the 
potential interference of these isolation methods with subsequent analytical methods was 
ubvestugated. 
 
4.3.1 Quantitative comparison of EPS recovery 
Drinking-water biofilm suspensions, biofilm cells after EPS isolation (cells), and isolated EPS 
were analyzed for protein, carbohydrate and DNA concentrations to evaluate the efficiency 
of the EPS isolation techniques on a quantitative level. Analysis of total biofilm suspension 
revealed overall protein concentrations of 33.9 ± 5.6 µg cm-2 and carbohydrate 
concentrations of 6.1 ± 2.1 µg cm-2 within the biofilm. All EPS isolation methods provided 
quantifiable amounts of EPS from drinking-water biofilms (Fig. 4.10). Proteins represented 
the main component of the EPS, followed by carbohydrates and DNA. Isolation by CER, 
formaldehyde/NaOH, EDTA and heat showed increased yields of all measured EPS 
components compared to the reference treatment by shaking.  
 
 
 
 
 
 
 
Figure 4.10: Protein, carbohydrate and DNA concentrations in the cell fraction after EPS isolation (cells) and EPS 
isolated from 14 d-old drinking-water biofilms by shaking (Vortex), CER, formaldehyde/NaOH, EDTA or heat. 
Proteins were quantified by the modified Lowry assay (Peterson, 1977), carbohydrates were determined by the 
sulphuric acid/phenol method, DNA was analyzed by PicoGreen (n = 3 independent reactor runs). 
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In this set of experiments CER treatment resulted in a protein yield of 1.9 ± 0.9 µg cm-2, a 
carbohydrate yield of 1.2 ± 0.5 µg cm-2 and a DNA yield of 0.17 ± 0.09 µg cm-2. However, this 
method seemed least effective in extracting proteins and carbohydrates compared to the 
other methods. Interference of the CER with subsequent analyses was not observed. 
Formaldehyde/NaOH treatment to isolate EPS from drinking-water biofilms resulted in 
highest protein yields (13.5 ± 9.8 µg cm-2), but lowest DNA yields (70.7 ± 86.0 µg cm-2). The 
sulphuric acid/phenol method for quantitation of carbohydrates revealed carbohydrate 
concentration of 19.5 ± 2.3 µg cm-2 in the EPS, which was more than three times the amount 
of carbohydrates determined for the total biofilm (6.1 ± 2.1 µg cm-2), indicating interference 
of the chemicals with the quantification. Dialysis of the EPS solutions against deionized 
water decreased carbohydrate concentrations, however, concentrations in the EPS still 
exhibited higher contents than the total biofilm sample (Fig. 4.10). In order to identify the 
source of interference when using formaldehyde/NaOH with the sulphuric acid/phenol 
method, blank samples containing deionized water only were treated according to the 
isolation procedure (Section 3.8), or separately with formaldehyde or NaOH. Blank 
experiments revealed a significant yellow discoloration of the blank solution in presence of 
formaldehyde after addition of sulphuric acid and phenol, showing an absorbance equivalent 
to carbohydrate concentration of 48.9 ± 10.6 µg mL-1, despite absence of carbohydrates  
(Fig. 4.11). This effect was increased when formaldehyde was applied in combination with 
NaOH in the blank solutions, showing an absorbance equivalent to 67.1 ± 8.3 µg mL-1. 
Addition of NaOH alone to deionized water resulted in only slightly elevated absorbance 
during carbohydrate quantitation, equivalent to 1.9 ± 1.0 µg mL-1. Hence, formaldehyde was 
the main agent causing interference with the sulphuric acid/phenol method. Protein 
quantification was also obstructed by the presence of NaOH. Blank samples containing 
deionized water and NaOH showed slightly decreased absorbance values compared to 
deionized water without NaOH, while formaldehyde showed no effect on the modified 
Lowry measurement. The presence of NaOH, therefore, results in an underestimation of 
protein concentrations. Quantitation of DNA in the blank samples treated with 
formaldehyde/NaOH indicated no interference of formaldehyde, NaOH or their combination 
with the PicoGreen assay. However, analysis of EPS isolated from drinking-water biofilms by 
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formaldehyde/NaOH showed higher DNA concentrations once the samples were dialyzed, 
compared to undialyzed samples. 
The use of EDTA to isolate EPS showed highest yields of carbohydrates (3.7 ± 1.6 µg cm-2) 
and DNA (0.33 ± 0.08 µg cm-2) (Fig. 4.10). An exact determination of isolated proteins by 
EDTA with the modified Lowry assay was disturbed by the formation of a precipitate after 
addition of the Folin Ciocalteu’s phenol reagent, irrespective of the sample type (isolated 
EPS or blank). The resulting absorbance, equivalent to a protein concentration of  
62.6 µg cm-2, by far exceeded overall protein concentration in the total biofilm  
(33.9 ± 5.6 µg cm-2). Dialysis of EPS isolated by EDTA against deionized water resulted in 
decreased absorbance values when performing protein quantification, corresponding to 
protein concentrations of 43.6 µg cm-2, which were still higher than total protein content in 
the biofilm. Moreover, the presence of EDTA in the sample caused an increase in sample 
volume during dialysis, which was approximately 2 fold higher compared to undialysed 
samples. Consequentially analytes were 2 fold diluted. The interference of EDTA during 
protein quantification was backed up by blank experiments, applying deionized water as 
sample for EPS isolation with EDTA (Section 3.8). Presence of EDTA strongly interfered with 
the Lowry assay, resulting in an absorbance equivalent to protein concentrations of 320  
± 325 µg mL-1 despite the absence of proteins (Fig. 4.11). The quantification of carbohydrates 
in the EPS isolated by EDTA using the sulphuric acid/phenol method was also disturbed. The 
obtained values of carbohydrate concentration in the isolated EPS (3.7 ± 1.6 µg cm-2) 
together with the concentration in the cell fraction after EPS isolation (5.8 ± 3.3 µg cm-2) 
exceeded the total carbohydrate concentration in the biofilm (6.1 ± 2.1 µg cm-2). There was 
no indication of interference of EDTA with the DNA quantification using PicoGreen, showing 
DNA concentrations of 327 ± 77 µg cm-2. 
Heat treatment was significantly more effective in isolating proteins (7.8 ± 2.1 µg cm-2) and 
carbohydrates (2.1 ± 1.0 µg cm-2) from drinking-water biofilms compared to CER treatment, 
and isolated DNA (303 ± 109 µg cm-2) in concentrations similar to those obtained by EDTA 
isolation. Interference of heat treatment with subsequent analyses was not observed. 
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Figure 4.11: Protein, carbohydrate and DNA concentrations measured in deionized water after addition of 
EDTA, formaldehyde, NaOH or formaldehyde with NaOH. Proteins were quantified by the modified Lowry assay 
(Peterson, 1977), carbohydrates were determined by the sulphuric acid/phenol method, eDNA was analyzed by 
PicoGreen (n = 2 independent measurements). 
 
To determine accuracy of the quantitation assays for the analysis of EPS from drinking-water 
biofilms and recovery rates of proteins, carbohydrates and DNA after each EPS isolation 
procedure, a model EPS solution containing  BSA (10 µg mL-1), dextran (5 µg mL-1) and DNA 
(1 µg mL-1) at similar concentrations and ratios as determined in the EPS of drinking-water 
biofilms was prepared in deionized water. The model EPS solution was subjected to the EPS 
isolation procedures by shaking (control), or treatments by CER, formaldehyde, NaOH, 
formaldehyde in combination with NaOH, EDTA or heat.  
EPS isolation by shaking (control), CER or heat resulted in protein and carbohydrate recovery 
close to 100 % of the initial concentrations of the model EPS solution (Fig. 4.12). DNA was 
recovered at lower concentrations after treatment by shaking, CER and heat, showing 57 %, 
84 % and 60 % of the initial concentration, respectively. Dialysis of the EPS solutions isolated 
by shaking or CER treatment resulted in a loss of protein by approximately 43 %, 
carbohydrates and DNA were only marginally reduced by dialysis.  
Exposure of the model EPS solution to EDTA, formaldehyde, NaOH or formaldehyde in 
combination with NaOH resulted in similar interferences of subsequent quantitation 
methods as described before for EPS isolated from drinking-water biofilms and blank 
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samples (deionized water) (Fig. 4.12). EDTA caused values 30 times higher for proteins, 1.9 
times higher for carbohydrates and 1.5 times higher for DNA than prepared in the model 
EPS. Samples treated with formaldehyde showed a recovery of only 25 % of proteins, 860 % 
of carbohydrates, or 29 % of DNA present in the model EPS. NaOH or formaldehyde/NaOH 
exposed model EPS showed no presence of proteins, while carbohydrate concentration was 
2.6 fold and 13.7 fold higher, respectively, and DNA concentration was 85 fold or 87 fold 
lower, respectively. Dialysis of the model EPS against deionized water could to some extent 
reduce interfering effects of the chemicals. 
 
 
 
 
 
 
Figure 4.12: Recovery of proteins, carbohydrates and DNA in a model EPS solutions (10 µg mL
-1
 BSA, 5 µg mL
-1
 
dextran, 1 µg mL
-1
 DNA) after treatments by shaking (Vortex), CER, formaldehyde, NaOH, formaldehyde/NaOH, 
EDTA or heat as used for the isolation of EPS from drinking-water biofilms. Proteins were quantified by the 
modified Lowry assay (Peterson, 1977), carbohydrates were determined by the sulphuric acid/phenol method, 
DNA was analyzed by PicoGreen (n = 2 independent measurements). 
 
4.3.2 Qualitative comparison of isolated EPS proteins 
The isolation procedures were further evaluated for the suitability of the isolated EPS 
proteins for qualitative analysis by 2D gel electrophoresis. Shaking treatment was used as 
reference and showed 198 spots in the range between 20 and 200 kDa and a pI of 3 to 10 
(Fig. 4.13a). CER treatment resulted in the isolation of a higher diversity of proteins, with up 
to 650 spots in the same range (Fig. 4.13b). The highest number of protein spots could be 
found at pH 4 and pH 7 and molecular weights of 21.5 kDa and 55.4 kDa. EPS isolated with 
formaldehyde/NaOH showed a smear in the acidic region of the gel and only a small number 
of focused protein spots, including two spots corresponding to the DNase Benzonase used 
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for sample preparation, which according to the manufacturer consists of 2 subunits, and has 
a molecular weight of 30 kDa and a pI of 6.85 (Fig. 4.13c). This is most likely due to hydrolysis 
of the proteins at high pH. EDTA interfered with the focusing step of the 2D gel 
electrophoresis, therefore, a 2D protein spot pattern could not be produced. Heat isolated 
EPS showed a higher diversity of proteins (up to 230 spots) compared to shaking, however, 
the amount of spots was lower compared to CER isolated EPS (Fig. 4.13d).  
 
 
 
 
 
 
    
 
 
 
 
 
 
 
 
Figure 4.13: 2DE gels of EPS proteins isolated from 14 d-old drinking-water biofilms by a) shaking, b) CER, c) 
formaldehyde/NaOH or d) heat. 
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4.3.3 Impact of EPS isolation methods on culturability of biofilm cells 
The EPS isolation methods were analyzed for their impact on the culturability of drinking-
water biofilm cells after isolation treatment by shaking, CER, formaldehyde/NaOH, EDTA or 
heat. Recovered cell pellets after the respective isolation treatment were resuspended in 
same volumes of 6 mM phosphate buffer (pH 7.0), plated on R2A medium and incubated for 
7 d at 20 °C. 
The control treatment by shaking and the optimized CER treatment showed no significant 
detrimental effect on the culturability of drinking-water biofilm cells on R2A medium. Similar 
numbers of colonies were obtained as for the untreated biofilm sample (Fig. 4.14). 
Treatment with formaldehyde/NaOH, EDTA, or heat resulted in a loss of culturability by > 
99.9 %. In the case of formaldehyde/NaOH and heat culturability was below limit of 
detection (10 cfu). 
 
 
 
 
 
 
 
 
 
Figure 4.14: Total cell count (TCC) and culturability of drinking-water biofilm cells before and after isolation 
treatments by shaking, CER, formaldehyde/NaOH, EDTA and heat. Total cell count was determined by DAPI-
staining, HPC was analyzed by spread-plate method on R2A medium and enumeration after incubation for 7 d 
at 20 °C (n = 2 independent reactor runs). n. d., not detected. 
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4.4  Dynamics of microbial populations and biochemical composition within 
drinking-water biofilms 
Established drinking-water biofilms have been extensively studied in real drinking water 
distribution systems, and in a low number of studies also in domestic plumbing systems, in 
terms of total cell count, culturability or population diversity. However, the composition of 
the EPS matrix of drinking-water biofilms, the dynamics and the function of EPS components 
throughout the different stages of biofilm formation has not been addressed so far. In this 
study methods established for the cultivation and analysis of drinking-water biofilms 
(Sections 4.1 and 4.2) were applied to investigate the colonization of the EPDM substratum 
by drinking water organisms and the progress of biofilm formation and their EPS with time at 
two separate locations. Drinking-water biofilms were grown on EPDM coupons for periods of 
up to 28 d in reactors connected to plumbing system A or plumbing system C (Section 3.1). 
Coupons were removed twice a week within this period and recovered biofilms and their EPS 
were analyzed by microbiological, molecular biological or biochemical means. Results 
represent mean values ± standard deviations of 3 independent reactor runs at plumbing 
system A or 2 independent reactor runs at plumbing system C. 
 
4.4.1 Progress of surface colonization and drinking-water biofilm formation 
Drinking-water biofilms grown at plumbing system A and plumbing system C were analyzed 
for total cell count with the DAPI method and the proportion of culturable heterotrophic 
plate count organisms on R2A medium incubated for 7 d at 20 °C.  
Cultivation of drinking-water biofilms on EPDM over 28 d resulted in maximum total cell 
counts of 3.3 x 108 cells cm-2 (plumbing system A) or 5.1 x 108 cells cm-2 (plumbing system C) 
after 21 d of cultivation (Fig. 4.15). In both cases a quasi-stationary state was reached from 
which on total cell counts remained constant. Biofilms grown at plumbing system A required 
14 d of cultivation to reach the quasi-stationary state, with cell counts in the range of  
1 x 108 cells cm-2 and 3.3 x 108 cells cm-2, while biofilms grown in plumbing system C showed 
constant cell counts between 4.1 x 108 cells cm-2 and 5.1 x 108 cells cm-2 once the biofilm 
reached 11 d of age. The HPC of drinking-water biofilm cells was significantly lower 
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compared to the total cell count, however, the proportion of culturable cells differed 
depending on the drinking water source and on the biofilm age. Biofilms grown at plumbing 
system A revealed a relatively high proportion of culturable cells for young biofilms of 5 d to 
7 d of age, showing 3.4 x 106 cfu cm-2 and 3.1 x 107 cfu cm-2, which amounted to 43.6 % and 
42.8 % of the corresponding total cell count, respectively. The proportion of culturable 
biofilm cells decreased throughout the experimental run with increasing biofilm age to a 
minimum of 7.5 % of the total cell count. Biofilms grown at plumbing system C on the other 
hand, showed relatively constant proportions of culturable cells throughout the entire 
cultivation period, in the range of 7.4 % to 17.4 % of the corresponding total cell count. The 
lowest proportion of culturable cells from plumbing system C was detected at the end of the 
experimental run in 28 d-old biofilms showing a culturability of 7.4 %, which was similar to 
the culturability of biofilm cells cultivated in drinking water at the plumbing system A.  
 
 
 
 
 
 
 
 
Figure 4.15: Total cell count (TCC) and culturability of drinking-water biofilms grown over periods of up to 28 d 
in drinking water at a) plumbing system A (n = 3 independent reactor runs) or b) plumbing system C (n = 2 
independent reactor runs). Total cell count was determined by DAPI staining, HPC was determined on R2A 
medium after incubation for 7 d at 20 °C. 
 
4.4.2 Dynamics of microbial populations of drinking-water biofilms over 28 d 
The dynamics of microbial populations in drinking-water biofilms grown over periods of up 
to 28 d at plumbing system A and plumbing system C were analyzed by DGGE of PCR 
amplified 16S rDNA (PCR-DGGE). DNA was isolated from cell pellets obtained during EPS 
isolation using the DNeasy Plant Mini Kit (Qiagen) in combination with an implemented 
bead-beater treatment, and was used as template for PCR. 
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PCR-DGGE band patterns obtained from drinking-water biofilm cells showed the most 
significant increase of microbial diversity within the first 5 to 7 days (Fig. 4.16). Biofilms 
grown at the plumbing system A and aged 3 d revealed a total of 9 bands. Once the biofilms 
reached 7 d of age band diversity increased to 63 bands and from then on the number and 
patterns of bands remained relatively uniform. The number of bands in biofilms ≥ 7 d ranged 
between 60 and 66 well resolved bands with Dice similarity of 70 % to 93 % (Tab. 4.2). 
Plumbing system C biofilms showed 34 to 45 well resolved bands for biofilms between 5 to 
28 d of age. The DGGE band patterns for plumbing system C biofilms exhibited a similarity of 
69 % to 99 % throughout the cultivation period. Changes in band intensities were observed. 
DGGE band patterns of the same samples but from different reactor runs exhibited 
similarities of 78 % to 93 %. 
 
 
 
 
 
 
        
 
 
 
 
 
 
 
 
 
 
Figure 4.16: PCR-DGGE band patterns of drinking-water biofilms grown over periods of up to 28 d in drinking-
water at a) plumbing system A stained with silver (Blum et al., 1987) or b) plumbing system C stained with 
SybrGold. 
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Table 4.2: Comparison of the PCR-DGGE band patterns with regards to number of bands and similarity of 
profiles of drinking-water biofilms grown for up to 28 d at plumbing system A or plumbing system C. 
Plumbing system A 
Biofilm No.  No. of similar bands of biofilms aged Dice coefficient Cs 
age [d] of bands 3 d 7 d 10 d 14 d 17 d 21 d 24 d 28 d 3 d 7 d 10 d 14 d 17 d 21 d 24 d 28 d 
3 9 - 8 7 7 8 7 7 8 - 0.22 0.20 0.20 0.22 0.20 0.19 0.21 
7 63 8 - 54 45 45 48 46 51 0.22 - 0.88 0.72 0.70 0.78 0.73 0.79 
10 60 7 54 - 51 48 47 47 48 0.20 0.88 - 0.84 0.77 0.78 0.76 0.76 
14 62 7 45 51 - 59 51 55 51 0.20 0.72 0.84 - 0.93 0.84 0.88 0.80 
17 65 8 45 48 59 - 53 56 55 0.22 0.70 0.77 0.93 - 0.85 0.88 0.84 
21 60 7 48 47 51 53 - 51 55 0.20 0.78 0.78 0.84 0.85 - 0.83 0.87 
24 63 7 46 47 55 56 51 - 57 0.19 0.73 0.76 0.88 0.88 0.83 - 0.88 
28 66 8 51 48 51 55 55 57 - 0.21 0.79 0.76 0.80 0.84 0.87 0.88 - 
Plumbing system C 
Biofilm No.  No. of similar bands of biofilms aged Dice coefficient Cs 
age [d] of bands 5 d 7 d 11 d 14 d 18 d 21 d 25 d 28 d 5 d 7 d 11 d 14 d 18 d 21 d 25 d 28 d 
5 36 - 35 35 35 28 29 28 28 - 0.99 0.93 0.95 0.80 0.81 0.76 0.69 
7 35 35 - 35 35 30 28 28 28 0.99 - 0.95 0.96 0.87 0.79 0.77 0.70 
11 39 35 35 - 35 28 30 31 32 0.93 0.95 - 0.91 0.77 0.80 0.81 0.76 
14 38 35 35 35 - 33 30 32 32 0.95 0.96 0.91 - 0.92 0.81 0.84 0.77 
18 34 28 30 28 33 - 32 32 32 0.80 0.87 0.77 0.92 - 0.91 0.89 0.81 
21 36 29 28 30 30 32 - 35 36 0.81 0.79 0.80 0.81 0.91 - 0.95 0.89 
25 38 28 28 31 32 32 35 - 37 0.76 0.77 0.81 0.84 0.89 0.95 - 0.89 
28 45 28 28 32 32 32 36 37 - 0.69 0.70 0.76 0.77 0.81 0.89 0.89 - 
 
 
4.4.3 Changes in biochemical composition of drinking-water biofilms over 28 d 
Drinking-water biofilms cultivated on EPDM over periods of up to 28 d at plumbing system A 
and plumbing system C and isolated EPS were biochemically characterized for their protein, 
carbohydrate and eDNA content by photometric and fluorometric methods. Concentrations 
were calculated per biofilm surface area or per cell. 
Both biofilms exhibited relatively similar concentrations of total and EPS components 
throughout biofilm cultivation of up to 28 d. Proteins represented the main component of 
drinking-water biofilms and their EPS irrespective of biofilm age and the type of drinking 
water, followed by carbohydrates and DNA (Fig. 4.17 and Fig. 4.18). Calculated per surface 
area, plumbing system C biofilms initially allowed for a higher production of all components 
compared to plumbing system A biofilms.  
 
- Proteins -  
The progress of protein production demonstrated similarities in biofilms grown at both 
cultivation sites. Calculated per surface area, proteins displayed a gradual increase of total 
protein to maximum concentrations of 74.5 ± 19.0 µg cm-2 after 28 d at plumbing system A 
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and 81.7 ± 26.1 µg cm-2 after 21 d at plumbing system C (Fig. 4.17 and Fig. 4.18, upper 
diagrams). EPS proteins also showed a gradual increase of concentrations throughout the 
cultivation period, however, the increase of EPS proteins in biofilms grown at plumbing 
system A was more pronounced, reaching values of 9.7 ± 2.9 µg cm-2 after 28 d, compared to 
EPS proteins from plumbing system C biofilms, which showed a maximum concentration of 
6.2 ± 2.3 µg cm-2 after 21 d. The overall progress of biochemical composition of drinking-
water biofilms as well as of their EPS did not correlate with total cell counts and calculation 
of proteins produced per cell exhibited an altered development compared to calculations 
per surface area (Fig. 4.17 and Fig. 4.18, lower diagrams). Both biofilms exhibited a 
considerable decrease of protein amounts expressed per cell for the initial stages of biofilm 
formation of up to 21 d, followed by an increase until the end of the experimental run. EPS 
protein concentrations of both biofilms also displayed an initial decrease of concentrations 
for the first 7 d of cultivation. From then on, EPS protein concentrations from plumbing 
system A biofilms increased continuously to 35.5 ± 12.9 fg cell-1 after 28 d. EPS proteins from 
plumbing system C biofilms, on the other hand, showed only a slight increase in the further 
progress of biofilm formation to maximum concentrations of 12.0 ± 1.4 fg cell-1. 
 
- Carbohydrates - 
Carbohydrate concentrations of biofilms grown at plumbing system A exhibited a similar 
trend in progress as was the case for proteins. Considered per surface area, concentrations 
of total as well as EPS carbohydrate concentrations increased continuously throughout the 
cultivation period (Fig. 4.17, upper diagrams). Total carbohydrates calculated per cell 
showed a similar decrease of concentrations from day 5 to day 21, as was the case for 
proteins, with a subsequent increase until the end of the experimental run (Fig. 4.17, lower 
diagrams). Carbohydrate concentrations of biofilms grown at plumbing system C showed an 
altered progress compared to carbohydrates from plumbing system A biofilms. Total 
carbohydrate concentration calculated per biofilm area showed a saturation curve-like 
development, showing a strong increase for the initial 14 d of cultivation and from this day 
on fluctuating concentrations in the range between 18.8 ± 1.7 µg cm-2 and 28.3 ± 4.0 µg cm-2 
(Fig. 4.18, upper diagrams). EPS carbohydrates isolated from plumbing system C biofilms 
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considered per surface area showed a continuous increase of concentration for the initial  
18 d, and from then on relatively constant values. Calculated per cell, total carbohydrate 
concentration from plumbing system C biofilms decreased for the initial 18 d and from then 
on remained in the range of 32.1 ± 4.0 fg cell-1 and 47.1 ± 6.6 fg cell-1 (Fig. 4.18, lower 
diagrams). EPS carbohydrate concentration produced per cell showed relatively constant 
values, with highest concentrations at the beginning of the experimental run. 
 
- eDNA - 
Extracellular DNA in biofilms grown at plumbing system A as well as at plumbing system C 
exhibited a saturation curve-like development of concentrations calculated per surface area 
(Fig. 4.17 and Fig. 4.18, upper diagrams). Plumbing system A biofilms showed the most 
significant increase in eDNA concentration for the initial 21 d, from which on the 
concentration increased only slightly to values of 0.36 ± 0.06 µg cm-2 after 28d. eDNA 
concentrations in plumbing system C biofilms increased more steeply, reaching constancy 
after 14 d at concentrations of 0.47 ± 0.19 µg cm-2. The concentrations of eDNA determined 
per cell displayed a sharp decline with increasing biofilm age for the initial 18 d (plumbing 
system A biofilms) or 11 d (plumbing system C biofilms) and in both cases remained constant 
until the end of the experimental run (Fig. 4.17 and Fig. 4.18, lower diagrams).  
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Figure 4.17: Protein, carbohydrate and eDNA concentrations in drinking-water biofilms and their EPS grown 
over periods of up to 28 d in drinking water at plumbing system A. Concentrations were calculated per biofilm 
surface area (upper diagrams) or per cell (lower diagrams). n = 3 independent reactor runs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.18: Protein, carbohydrate and eDNA concentrations in drinking-water biofilms and their EPS grown 
over periods of up to 28 d in drinking water at plumbing system C. Concentrations were calculated per biofilm 
area (upper diagrams) or per cell (lower diagrams). n = 2 independent reactor runs. 
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4.4.4 2DE analysis of the dynamics of EPS proteins from drinking-water biofilms 
2DE was applied to generate 2-dimensional spot patterns of EPS proteins at different stages 
of biofilm formation of drinking-water biofilms. The spot patterns were produced in pH 
regions between pH 3 and 10 (linear gradient) and molecular weightes of 21.5 kDa and  
200 kDa. The 2DE analysis was performed in two separate reactor runs at plumbing system 
A. The diversity of EPS proteins from drinking-water biofilms cultivated at plumbing system A 
increased with increasing biofilm age for the first 7 d of cultivation to 520 ± 23 spots and 
remained relatively constant until day 18 (Tab. 4.3, Fig. 4.19). The majority of spots lay in the 
range between pH 4 and 8 and molecular weightes of 21.5 kDa and 97.4 kDa. Also a number 
of acidic proteins (< pI 4) as well as a few basic proteins (> pI 9) could be detected. The 
number of spots decreased significantly for biofilms > 18 d, showing a total number of 257 ± 
89 spots for 28 d-old biofilms at the end of the experimental run. The decrease of spots was 
most apparent for high molecular weight proteins and for proteins with a high pI. After 18 d 
of cultivation EPS proteins with molecular weightes > 55.4 kDa as well as EPS proteins with a 
pI > 7 disappeared completely. Also the two spots which were attributed to the DNase 
Benzonase (Fig. 4.19, encircled in red) used during sample clean-up disappeared. The 
decrease of the number, size and pI of proteins and the absence of the Benzonase twin-
spots in samples > 14 d of age indicated enzymatic degradation of proteins by proteases. A 
small number of proteins, however, could be detected throughout all stages of the 
cultivation (Fig. 4.19, encircled in green), indicating their importance throughout biofilm 
formation and maintenance.  
 
Table 4.3: Number of proteins in the EPS isolated from drinking-water biofilms grown for up to 28 d in 
plumbing system A or plumbing system C resolved by 2DE. n = 2 independent reactor runs for plumbing system 
A biofilms. n = 1 reactor run for plumbing system C biofilms. 
Biofilm age No. of protein spots 
[d] Plumbing system A Plumbing system C 
5 219 ± 71 573 
7 520 ± 23 578 
10-11 485 ± 235 446 
14 475 ± 240 523 
18 509 ± 94 440 
21 406 ± 26 479 
25 354 ± 88 172 
28 257 ± 89 150 
 
 
Results 
 
 
111 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.19: 2DE gels of EPS isolated from drinking-water biofilms grown on EPDM at plumbing system A for a) 
5 d, b) 7 d, c) 11 d, d) 13 d, e) 18 d, f) 21 d, g)25 d or h) 28 d without the use of a protease inhibitor. Proteins 
were separated in the first dimension using a linear pH gradient between pH 3 and 10 and a 12 % 
polyacrylamide gel in the second dimension. Encircled in green: protein spots detected throughout all stages of 
biofilm formation; encircled in red: protein spots corresponding to the DNase Benzonase. Protein load: 50 µg. 
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Figure 4.19: Continued 
 
 
Visualization of the extracellular proteins of drinking-water biofilms cultivated at plumbing 
system C was visualized by 2DE with minor alteration of the procedure applied for EPS 
proteins of drinking-water biofilms from plumbing system A. A protease inhibitor cocktail 
(Sigma) was added to the biofilm during sampling, as soon as the biofilm was scraped off the 
EPDM coupons. Further sample preparation was carried out as previously described 
(Sections 3.2, 3.8 and 3.12). 
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The 2DE gels of EPS proteins isolated from drinking-water biofilms cultivated at plumbing 
system C displayed interference of the protease inhibitor cocktail during the IEF. The 
application of the protease inhibitor cocktail resulted in prolonged isoelectric focusing and 
less well resolved protein spots compared to plumbing system A EPS proteins, as well as 
pronounced horizontal streaking (Fig. 4.20). Enumeration of protein spots was realizable, 
however, due to the interference, analysis of EPS proteins from plumbing system C biofilms 
in combination with the protease inhibitor cocktail was performed only once. The highest 
diversity of proteins was visible after 5 to 7 days of cultivation, showing 573 or 578 spots, 
respectively. Also in the case of plumbing system C biofilms, the majority of spots was 
located in the region between pH 4 and 8 and molecular weightes of 21.5 kDa to 97.4 kDa. 
The number of spots decreased with increasing biofilm age to a minimum of 150 spots after 
28 d of cultivation. Similarly to the EPS proteins isolated from drinking-water biofilms from 
plumbing system A, EPS proteins with large molecular weightes and high pI disappeared 
completely towards the end of the experimental run.  
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Figure 4.20: 2DE gels of EPS isolated from drinking-water biofilms grown on EPDM at plumbing system C for a) 
5 d, b) 7 d, c) 11 d, d) 14 d, e) 18 d, f) 21 d, g)25 d or h) 28 d with the use of a protease inhibitor cocktail. 
Proteins were separated in the first dimension using a linear pH gradient between pH 3 and 10 and a 12 % 
polyacrylamide gel in the second dimension. Protein load: 50 µg. 
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Figure 4.20: Continued 
 
 
4.4.5 Dynamics of proteases in drinking-water biofilms  
2DE of EPS proteins isolated from drinking-water biofilms cultivated for up to 28 d in 
plumbing system A as well as plumbing system C indicated alteration of the protein pattern, 
showing decreased diversity of EPS proteins with lower molecular weights and pI once the 
biofilms were > 14 d of age. A hypothesis for this occurrence could be increased production 
of extracellular proteases, which could cause proteolytic degradation of extracellular 
proteins. Drinking-water biofilms cultivated at plumbing system C were used to confirm 
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presence of proteases in drinking-water biofilms and their EPS and their progress during 
biofilm formation. Protease activity was determined by use of gelatin-containing zymogram 
gels, which, in presence of protease activity, show clear activity bands at the sites of 
protease action. Casein-blue zymogram gels proved to be less sensitive compared to gels 
containing gelatin as substrate. 
The determination of proteases with zymogram gels could not detect presence of proteases 
in 5 d-old or 7 d-old biofilms (Fig. 4.21a) as well as isolated EPS (Fig. 4.21b). Once the 
biofilms were 11 d of age slightly cleared areas on the gels in molecular weight regions  
> 62 kDa appeared in the biofilm sample and, less pronounced, in the EPS, however, distinct 
bands were not obtained. The cleared areas on the gels increased with increasing biofilm 
age. After 14 d of cultivation 5 faint but resolved activity bands could be visualized in the 
biofilm sample as well as 3 bands in the EPS sample. The number of bands increased to a 
maximum of 13 bands in the biofilm sample and 9 bands in the EPS in 28 d-old drinking-
water biofilms. Biofilm suspensions or EPS solutions heated at 98 °C for 30 min served as 
negative controls and did not produce activity bands, irrespective of biofilm age.  
 
 
 
 
 
 
 
 
 
Figure 4.21: One-dimensional zymogram gels showing protease activity in a) drinking-water biofilms 
suspensions (protein load per lane: 8.5 µg) or b) EPS solutions (protein load per lane: 0.4 µg) isolated from 
drinking-water biofilms after cultivation for up to 28 d in plumbing system C using zymogram gels containing 
gelatin as substrate. Gels were stained with the commercially available Simply Blue Safe Stain. Cleared bands 
indicate degradation of gelatin by proteases.  
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4.4.6 Enzymatic activity within drinking-water biofilms 
Drinking-water biofilms grown for up to 28 d in plumbing system C and their EPS were 
analyzed for enzyme activities of enzymes belonging to the classes of peptidases, α-D-
glucosidases, ß-D-glucosidases, N-acetyl-ß-D-glucosaminidases, lipases, esterases, as well as 
phosphatases. Activity of these classes of enzymes has been detected in EPS of various 
environmental as well as pure culture biofilms. The activity was determined by incubation of 
total biofilms, biofilm cells after EPS isolation, as well as isolated EPS with ß-naphtylamine or 
methylumbelliferyl substrates, which, when cleaved, produce a fluorescent signal of a 
specific wavelength, proportional to the amount of cleaved substrate. Results represent the 
arithmetic means of two independent measurements. 
The determination of enzymatic activity in drinking-water biofilms revealed activities of all 
enzyme classes in the three fractions, total biofilm, biofilm cells after EPS isolation and 
isolated EPS. Generally, with minor exceptions, total biofilm suspensions exhibited highest 
absolute enzyme activity, followed by the cell suspension and isolated EPS solution (Fig. 
4.22). Esterases demonstrated highest activities throughout the cultivation period, followed 
by lipases, N-acetyl-ß-D-glucosaminidases, phosphatases, peptidases, α-D-glucosidases and 
ß-D-glucosidases. Lipases, esterases and phosphatases revealed a gradual increase in 
enzyme activity during the cultivation period (Fig. 4.22, lower diagrams). Peptidases, α-D-
glucosidases, ß-D-glucosidases and N-acetyl-ß-D-glucosaminidases on the other hand 
exhibited a progress similar to a general cultivation curve, showing a “lag phase” during the 
first 11 to 18 d of biofilm age, and an “exponential phase” between days 18 and 28 (Fig. 4.22, 
upper diagrams).  
Considering specific activity, total biofilm or cell suspension exhibited a rather constant 
proportion of hydrolytic enzymes throughout the cultivation run (Fig. 4.23). Specific activity 
within the EPS on the other hand, in the case of peptidases, α-D-glucosidases ß-D-
glucosidases, and N-acetyl-ß-D-glucosaminidases displayed a significant increase of specific 
enzymatic activity once biofilms reached 14 d of age. Specific activities of lipases, esterases 
and phosphatases in the EPS demonstrated a gradual increase. 
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Figure 4.22:  Total enzyme activities expressed in nmol min
-1
 of seven enzyme classes determined in the whole 
biofilm, in biofilm cells after EPS isolation, or in isolated EPS obtained from drinking-water biofilms after 
cultivation for up to 28 d. n = 2 independent reactor runs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.23: Specific enzyme activities expressed in nkat mg
-1
 protein of seven enzyme classes determined in 
the whole biofilm, in biofilm cells after EPS isolation, or in isolated EPS obtained from drinking-water biofilms 
after cultivation for up to 28 d. n = 2 independent reactor runs. 
Biofilm 
age [d] 
Biofilm 
age [d] 
Biofilm 
age [d] 
Biofilm 
age [d] 
0
0.05
0.1
0.15
0.2
0.25
0 7 14 21 28
Su
b
st
ra
te
 t
u
rn
o
ve
r 
[n
m
o
l m
in
-1
]
Peptidase
0
0.05
0.1
0.15
0.2
0.25
0 7 14 21 28
α-D-glucosidase
0
0.05
0.1
0.15
0.2
0.25
0 7 14 21 28
ß-D-glucosidase
0
0.1
0.2
0.3
0.4
0.5
0 7 14 21 28
N-acetyl-ß-D-
glucosaminidase
0
100
200
300
400
500
0 7 14 21 28
Esterase
0
5
10
15
20
25
0 7 14 21 28
Su
b
st
ra
te
 t
u
rn
o
ve
r 
[n
m
o
l m
in
-1
]
Lipase
0
0.1
0.2
0.3
0.4
0.5
0 7 14 21 28
Phosphatase
0
0.2
0.4
0.6
0.8
1
0 7 14 21 28
Su
b
st
ra
te
 t
u
rn
o
ve
r 
[n
ka
t 
m
g 
p
ro
te
in
-1
]
Peptidase
0
0.04
0.08
0.12
0.16
0.2
0 7 14 21 28
α-D-glucosidase
0
0.1
0.2
0.3
0.4
0.5
0 7 14 21 28
ß-D-glucosidase
0
0.2
0.4
0.6
0.8
1
0 7 14 21 28
N-acetyl-ß-D-
glucosaminidase
0
20
40
60
80
100
0 7 14 21 28
Esterase
0
4
8
12
16
20
0 7 14 21 28
Su
b
st
ra
te
 t
u
rn
o
ve
r 
[n
ka
t 
m
g 
p
ro
te
in
-1
]
Lipase
0
0.2
0.4
0.6
0.8
1
0 7 14 21 28
Phosphatase
Results 
 
 
119 
 
4.5 Comparison of drinking-water biofilms grown at different locations 
Characteristics of drinking water can have substantial influence on the development of 
drinking-water biofilms. Temperature and pH are in general major factors determining 
biofilm growth. Additionally, the chemical composition of bulk water can have a direct 
impact on microorganisms in the planktonic or sessile state (Fletcher, 1988; Donlan, 2002). 
These parameters can vary considerably among drinking waters from different distribution 
systems and in particular once drinking water passes through plumbing systems. In the 
present study established methods for biofilm cultivation, EPS isolation and analysis were 
applied to investigate the influence of drinking water quality as well as the influence of 
plumbing materials made of Cu on biofilm formation, and to determine variability of 
composition among drinking-water biofilms and their EPS. Drinking-water biofilms were 
cultivated at five different locations for 14 d on EPDM coupons inserted into flow-through 
reactors, which were connected to the respective water system. The locations were 
distribution system A and plumbing system A, both supplied by water supplier A, distribution 
system B and plumbing system B, both supplied by water supplier B, and plumbing system C, 
supplied by water supplier C (Section 3.1). 14 d-old drinking-water biofilms from all sites 
were analyzed for total cell count, HPC, population diversity and biochemical composition of 
total biofilms and their EPS in three independent reactor runs. Wet weights, dry weights, 
loss and residue on ignition, as well as water contents were determined in separate biofilm 
cultivation runs. Temperature and free chlorine concentrations were monitored regularly 
throughout the cultivation runs. Drinking water samples were collected from all location at 
the end of two separate cultivation runs from the same taps, which fed the biofilm reactors, 
and analyzed for their composition of inorganic substances.  
 
4.5.1 Drinking water composition and characteristics at the cultivation sites 
Substantial differences in water characteristics between the drinking waters supplied by the 
three water suppliers A, B and C were detected, in particular regarding water temperature, 
pH, water hardness, Ca and Mg concentrations and conductivity (Tab. 4.4). During the 
experimental periods temperature fluctuations were relatively high for drinking waters 
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obtained at plumbing system A, distribution system B and plumbing system B. The multi-
element analysis showed that all inorganic substances were present in the drinking waters at 
concentrations below the permissible limit values set by the German Drinking Water 
Ordinance. Differences in composition of inorganic substances were in particular evident for 
Ca and Mg, which were among the most abundant ions in all drinking waters. Plumbing 
system C, furthermore, revealed highest Fe concentrations (0.12 ± 0.01 mg L-1), while Fe in 
all other drinking waters was below the limit of detection (0.01 mg L-1). Within the same 
water systems significant changes in Cu concentrations were observed. Drinking waters 
sampled from plumbing systems, which in all cases were made of Cu, revealed significantly 
higher Cu concentrations in the drinking water compared to the respective distribution 
systems. A 61 fold higher concentration was detected in the drinking water sampled from 
plumbing system A (0.067 ± 0.019 mg L-1) compared to the drinking water sampled from the 
distribution system A (0.0011 ± 0.0004 mg L-1), while Cu in the drinking water sampled from 
plumbing system B (0.037 ± 0.001 mg L-1) was 22 fold higher compared to the drinking water 
at the distribution system B (0.0017 ± 0.0001 mg L-1). The drinking water collected from 
plumbing system C contained highest concentrations of Cu (0.14 ± 0.04 mg L-1). 
Concentrations of all other inorganic substances in the drinking waters were similar 
comparing water collected from distribution systems to those from the respective plumbing 
systems. Free chlorine concentrations were usually below limit of detection (0.01 mg L-1), 
with occasional readings of 0.01 mg L-1. 
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Table 4.4: General characteristics of drinking waters at the cultivation sites of drinking-water biofilms. 
Temperatures and free chlorine concentrations represent values of ≥ 8 measurements over ≥ 3 independent 
reactor runs. Concentrations or inorganic substances represent mean values ± standard deviations of 2 
independent measurements. 
Parameter Drinking-water biofilm cultivation sites 
 Plumbing  
system A 
Distribution  
system A 
Plumbing  
system B 
Distribution  
system B 
Plumbing  
system C 
      
Experimental period 
 
24 Nov. 2009 
– 
01 Jun. 2010 
24 Nov. 2009 
– 
01 Jun. 2010 
29 Apr. 2010 
– 
22 Jun. 2010 
29 Apr. 2010 
– 
22 Jun. 2010 
13 May 2011 
– 
25 Aug. 2011 
      
Temperature [°C] 
Mean 17.3 ± 2.9 11.4 ± 0.9 19.0 ± 1.9 19.1 ± 2.5 22.0 ± 0.7 
Min. 10.8 10.4 14.5 13.3 20.2 
Max. 21.4 13.0 20.3 20.9 23.1 
      
Concentrations of inorganic substances [mg L-1]  
Free Chlorine < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 
Ca 112.5 ± 3.54 112.0 ± 2.8 49.8 ± 0.2 49.9 ± 0.28 37.7 ± 2.8 
K 14.8 ± 15.4 3.9 ± 0.07 5.7 ± 0.4 5.65 ± 0.35 3.3 ± 0.0 
Na 25.2 ± 0.78 24.6 ± 0.1 59.0 ± 5.4 59.4 ± 5.0 28.1 ± 1.7 
Mg 11.5 ± 0.14 11.45 ± 0.2 8.1 ± 0.1 8.15 ± 0.07 6.6 ± 0.6 
Fe <0.01 <0.01 <0.01 <0.01 0.12 ± 0.008 
Mn 0.002 ± 0.000 <0.001 <0.01 <0.01 0.008 ± 0.003 
Zn 0.013 ± 0.001 <0.01 0.014 ± 0.001 <0.01 0.016 ± 0.003 
Cu 0.067 + 0.019 0.0011 ± 0.0004 0.037 ± 0.001 0.0017 ± 0.0001 0.14 ± 0.04 
Al <0.01 <0.01 <0.01 <0.01 <0.01 
B 0.03 ± 0.002 0.03 ± 0.002 0.084 ± 0.006 0.085 ± 0.006 0.043 ± 0.003 
Si 4.83 ± 0.17 4.88 ± 0.1 2.33 ± 0.21 2.33 ± 0.20 2.5 ± 0.1 
SiO2 10.4 ± 0.35 10.45 ± 0.2 4.97 ± 0.45 4.99 ± 0.42 5.35 ± 0.21 
P 0.32 ± 0.02 0.36 ± 0.02 0.081 ± 0.003 0.082 ± 0.006 0.074 ± 0.003 
PO4 0.97 ± 0.06 1.09 ± 0.1 0.25 ± 0.01 0.25 ± 0.02 0.23 ± 0.01 
Cd <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 
Cr <0.001 <0.001 <0.001 <0.001 <0.001 
Ni <0.002 <0.002 0.002 0.002 <0.002 
Pb <0.002 <0.002 <0.002 <0.002 <0.002 
Co <0.001 <0.001 <0.001 <0.001 <0.001 
Ba 0.07 ± 0.002 0.07 ± 0.003 0.041 ± 0.000 0.041 ± 0.000 0.028 ± 0.000 
Sr 0.36 ± 0.01 0.36 ± 0.01 0.21 ± 0.001 0.21 ± 0.001 0.15 ± 0.01 
V <0.01 <0.01 <0.004 <0.004 <0.004 
Mo <0.005 <0.005 <0.005 <0.005 <0.005 
      
Data obtained from the respective water works 
  Supplier A Supplier B Supplier C 
pH  7.19 7.75 7.83 
Hardness [°dH]  19.4 8.7 7.8 
Conductivity [µS cm-1]  745 591 507 
TOC [mg L-1]  0.66 0.74 1.1 
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4.5.2 General composition of drinking-water biofilms from different locations 
Drinking-water biofilms cultivated at the five locations for 14 d on EPDM in all cases 
exhibited macroscopically visible slime formation on the coupons. On a wet weight basis, 
cultivation of biofilms in plumbing systems resulted in a more extensive biomass formation 
compared to biofilms grown in distribution systems (Tab. 4.5). Total biomass wet weight was 
2.9 fold higher in biofilms grown at plumbing system A compared to biofilms grown at the 
distribution system A, while the wet weight of biofilms grown at plumbing system B was  
2.1 fold higher compared to biofilms from distribution system B. Biofilms grown at plumbing 
system A and at the distribution system A showed similar values in respect to dry weight, 
while plumbing system B biofilms displayed 2.5 fold higher dry weight compared to 
distribution system B biofilms. 
 
Table 4.5: Physical characteristics of 14 d-old drinking-water biofilms cultivated at five different sites; n ≥ 2. 
Parameter Drinking-water biofilm cultivation sites 
 
Plumbing 
system A 
Distribution 
system A 
Plumbing 
system B 
Distribution 
system B 
Plumbing 
system C 
Wet weight [mg cm-2] 11.3 ± 3.6 3.5 ± 1.9 11.1* 5.4* 16.2 ± 7.3 
Dry weight [mg cm-2] 0.085 ± 0.027 0.095 ± 0.032 0.18* 0.073* 0.136 ±0.004 
Residue on 
combustion [mg cm-2] 
0.010 ± 0.002 0.011 ± 0.003 0.024* 0.012* 0.026 ± 0.004 
Loss on  
combustion [mg cm-2] 
0.075 ± 0.026 0.083 ± 0.029 0.16* 0.061* 0.111 ± 0.000 
Water content  
[% w/w] 
99.2 96.5 98.3* 98.6* 99.1 
*Values represent a single measurement. 
 
 
The drinking-water biofilms were analyzed for their content of the metal ions Ca, Mg, Fe, Zn, 
Cu and Al. Ca was the most abundant metal ion in all drinking-water biofilms, showing 
concentrations in the range of 118.2 ± 31.8 µg g-1 wet weight to 250.9 ± 139.2 µg g-1 wet 
weight (Tab. 4.6). Mg was among the most abundant ions in the biofilms, however, 
concentrations of Mg in biofilms cultivated at distribution system A or plumbing system B 
could not be detected, potentially due to the dilution of the biofilm samples during sample 
preparation for ICP-OES measurements. Comparison of the water phase to the biofilm on a 
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wet weight basis, assuming a wet weight of 1 mL water to be 1 g, revealed an accumulation 
of the alkaline earth metal ions Ca and Mg by factors of 1.4 to 9.5 within the biofilm. All 
biofilms exhibited significant enrichment of the heavy metals Fe, Zn, Cu, and Al within the 
biofilm matrix by 2 to more than 3 orders of magnitude. Fe, Zn, or Al concentrations in the 
drinking waters were in many cases close to or below limit of detection (0.01 mg L-1), hence, 
the limit of detection value was used as basis for the calculation of the enrichment factors of 
these ions. Cu concentrations were in the range of 0.0011 mg L-1 to 0.0017 mg L-1 in drinking 
waters collected from the distribution systems and 0.037 mg L-1 to 0.14 mg L-1 in drinking 
waters from plumbing systems made of copper, respectively. Biofilms exposed to drinking 
waters with elevated Cu concentrations (plumbing system A, B or C) showed 10 to 25 higher 
Cu contents within the biofilms compared to biofilms cultivated at the distribution systems.  
 
 
Table 4.6: Inorganic composition of 14 d-old drinking-water biofilms cultivated at five different locations. 
Numbers in brackets represent enrichment factors of the respective cations in the biofilm compared on a wet 
weight basis compared to the water phase; n.d., not detected. (n ≥ 2 independent reactor runs).  
Metal Concentrations at drinking-water biofilm cultivation sites 
 Plumbing 
system A 
[µg g-1 wet weight] 
Distribution 
system A 
[µg g-1 wet weight] 
Plumbing 
system B 
[µg g-1 wet weight] 
Distribution 
system B 
[µg g-1 wet weight] 
Plumbing 
system C 
[µg g-1 wet weight] 
Ca 
160.8 ± 88.1  
(1.4x) 
207.9 ± 70.2  
(1.9x) 
189.0 ± 86.3 
(3.8x) 
250.9 ± 139.2 
(5.0x) 
118.3 ± 31.8 
(3.1x) 
Mg 
33.0 ± 10.8  
(2.9x) 
n.d. n.d. 
77.1 ± 19.3 
(9.5x) 
58.0 ± 10.0 
(8.8x) 
Fe 
7.72 ± 2.2  
(>772x) 
32.7 ± 16.8 
(>3266x) 
10.9 ± 0.2 
(>1094x) 
14.1 ± 1.4 
(>1414x) 
27.2 ± 7.7 
(220x) 
Zn 
0.88 ± 0.16 
(70.2x) 
2.1 
(>210x) 
13.2 ± 16.1 
(943x) 
16.5 ± 20.9 
(1272x) 
4.04 ± 0.74 
(252x) 
Cu 
36.9 ± 17.6 
(548x) 
3.54 ± 3.05 
(3370x) 
96.2 ± 80.7 
(2625x) 
3.66 ± 2.79 
(196x) 
91.7 ± 37.1 
(668x) 
Al 
4.28 ± 3.46 
(>428x) 
7.76 ± 5.04 
(>776x) 
4.41 ± 0.7 
(>441x) 
6.01 ± 0.19 
(>601x) 
3.28 ± 0.40 
(>328x) 
 
 
4.5.3  Microbiological and population analysis of drinking-water biofilms with different 
origin 
The extent of growth of drinking-water biofilms at the five different locations was evaluated 
on the basis of to their total cell number and the proportion of culturable HPC organisms. 
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Total cell counts showed relatively similar values between 6.0 x 107 cells cm-2 to  
2.8 x 108 cells cm-2 in all drinking-water biofilms (Fig. 4.24) which are in accordance to the 
biofilm dry weight determinations. The culturability of cells varied slightly depending on 
location of biofilm cultivation. Generally, biofilms cultivated in drinking waters from 
plumbing systems made of copper revealed lower proportions of culturable cells compared 
to biofilms grown in drinking waters in distribution systems. Drinking-water biofilm cells 
from plumbing system A and B biofilms displayed a culturability of 11.4 % and 15.3 % of their 
total cell count, respectively, while biofilm cells from the distribution system A and B were 
culturable to 50.5 % and 46.8 %, respectively. Plumbing system C biofilms showed a similar 
trend as plumbing system A and B biofilms with 8.5 % of culturable cells. 
 
 
 
 
 
 
 
 
 
 
Figure 4.24: Total cell counts (TCC) and HPC of 14 d-old drinking-water biofilms grown at five different 
locations. Percentage in squares represents the proportion of culturable cells of the respective total cell count 
(n = 3 independent reactor runs). 
 
 
 
Analysis of the population diversity of drinking-water biofilms grown at the five locations 
was carried out by PCR-DGGE of 16S rDNA fragments of isolated DNA. Similarity of band 
patterns was expressed by means of the Dice similarity coefficient, on the basis of total 
number of bands obtained for a biofilm and presence of bands at the same positions in two 
biofilms. 
1.0E+00
1.0E+02
1.0E+04
1.0E+06
1.0E+08
1.0E+10
Plumbing
system A
Distribution
system A
Plumbing
system B
Distribution
system B
Plumbing
system C
T
o
ta
l 
c
e
ll
 c
o
u
n
t 
o
r 
H
P
C
 
[c
e
lls
 c
m
- ²
 o
r 
c
fu
 c
m
- ²
]
TCC
HPC
11.4 % 50.5 % 15.3 % 46.8 % 8.5 % 
Results 
 
 
125 
 
The comparison of the population diversity of 14 d-old drinking-water biofilms indicated 
significant differences in DGGE band patterns (Fig. 4.25). Generally, biofilms grown in 
drinking waters from plumbing systems made of copper exhibited a higher diversity of 
microorganisms. Drinking-water biofilm cultivated at plumbing system A showed highest 
diversity of microorganisms, showing 52 bands, followed by the biofilms grown at plumbing 
system B (46 bands), plumbing system C (43 bands), distribution system A (29 bands), or 
distribution system B (26 bands). Similarity of band patterns was limited and ranged 
between 46 % and 63 % (Tab. 4.7). Only three bands were detected at the same positions in 
the gels for all five drinking-water biofilms (Fig. 4.25, indicated by arrows). DGGE band 
patterns of the same samples but from different reactor runs exhibited similarities of 65 % to 
89 %. 
 
 
 
 
 
 
 
Figure 4.25: PCR-DGGE gel of 14 d-old drinking-water biofilm communities grown at five different locations. 
Arrows indicate bands at the same positions in all biofilm samples. DNA-load per lane: 750 ng. Staining: 
SybrGold. 
 
 
Table 4.7: Number of bands, number of similar bands and similarity of DGGE band patterns of 14 d-old 
drinking-water biofilm communities grown at five different locations and analyzed by PCR-DGGE. 
 
 
 
Biofilm Total No. No. of similar bands Dice coefficient Cs
cultivation site of bands Plumbing Distribution Plumbing Plumbing Distribution Plumbing Distribution Plumbing Plumbing Distribution
system A system A system C system B system B system A system A system C system B system B
Plumbing system A 52 - 19 30 28 18 - 0.47 0.63 0.57 0.46
Distribution system A 29 19 - 18 20 16 0.47 - 0.50 0.53 0.58
Plumbing system C 43 30 18 - 22 16 0.63 0.50 - 0.49 0.46
Plumbing system B 46 28 20 22 - 20 0.57 0.53 0.49 - 0.56
Distribution system B 26 18 16 16 20 - 0.46 0.58 0.46 0.56 -
Plumbing system A
Distribution system A
Plumbing system C
Plumbing system B
Distribution system B
Denaturing gradient 60 %40 %
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4.5.4 Biochemical composition of drinking-water biofilms from different locations 
Drinking-water biofilms grown at five different locations as well as their EPS were 
biochemically analyzed for their protein, carbohydrate and DNA content by photometric or 
fluorometric assays. Analyzed were total biofilm suspensions, isolated EPS and isolated EPS 
after dialysis (MWCO 3500 Da). All substances were detected in quantifiable amounts in the 
biofilms and within their EPS matrix. The overall quantities of polymers as well as the 
proportion of isolated EPS varied between biofilms with different origin. In all drinking-water 
biofilms proteins constituted the major component of the biofilm as well as within the EPS 
matrix, followed by carbohydrates and DNA.  
 
- Proteins - 
Drinking-water biofilms exhibited variations of protein contents in total biofilms as well as 
their EPS. Total protein concentrations in the biofilms were in the range between  
22.0 ± 1.9 µg cm-2 and 41.0 ± 17.6 µg cm-2 (Fig. 4.26, upper diagrams). EPS protein 
concentrations were in the range of 1.4 ± 0.6 µg cm-2 and 7.6 ± 1.0 µg cm-2. Biofilms 
cultivated at plumbing systems made of copper resulted in lower proportions of isolable EPS 
proteins compared to biofilms cultivated at distribution systems.  
Differences in protein contents between biofilms from plumbing systems compared to 
biofilms from distribution systems become apparent when comparing protein 
concentrations in the biofilms on a biofilm wet weight basis (Fig. 4.26, lower diagrams). 
Drinking-water biofilms cultivated at the distribution system A displayed a 2.3 fold higher 
total protein content compared to the plumbing system A biofilm, while the total protein 
content of distribution system B biofilms was 1.6 fold higher than the amount found in the 
plumbing system B biofilm. The EPS protein determination showed 8.8 fold higher content in 
the EPS of distribution system A biofilms compared to plumbing system A biofilms, and EPS 
protein concentration in the distribution system B biofilms were 1.2 fold higher than EPS 
protein amounts in the plumbing system B. Plumbing system C biofilms displayed similar 
concentrations of total proteins and EPS proteins as plumbing system A biofilms. 
EPS proteins were determined in undialyzed as well as in dialyzed (MWCO 3500 Da) EPS 
samples. Slightly lower protein concentrations were determined in dialyzed samples. The 
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differences, however, were statistically insignificant (p > 0.05), indicating that the major 
proportion of proteins in the EPS consisted of high molecular weight proteins. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.26: Protein-, carbohydrate- and eDNA concentrations in 14 d-old drinking-water biofilms and their 
EPS. Upper graphs represent concentrations calculated per surface area, lower graphs show concentrations per 
g wet weight; n = 3 independent reactor runs. 
 
- Carbohydrates – 
All drinking-water biofilms contained similar total carbohydrate concentrations in the range 
of 6.7 ± 0.2 µg cm-2 and 9.0 ± 5.0 µg cm-2 (Fig. 4.26, upper diagrams). Carbohydrates in the 
EPS showed significant variations in quantity in the range of 0.8 ± 0.2 µg cm-2 and  
3.3 ± 0.6 µg cm-2. 
Similarly to the protein concentrations, also the carbohydrate determination showed a 
difference of total carbohydrates, when comparing the total carbohydrate concentrations 
within biofilms from distribution systems to biofilms from plumbing systems on a biofilm wet 
weight basis (Fig. 4.26, lower diagrams). Distribution system A biofilms displayed a 2.1 times 
higher carbohydrate content compared to plumbing system A biofilms, while carbohydrate 
concentrations in distribution system B biofilm were 1.3 times higher compared to plumbing 
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system B biofilms. Differences considering carbohydrate concentrations in the EPS were less 
pronounced. The carbohydrate concentration in the EPS of distribution system A biofilms 
was 1.8 times higher compared to plumbing system A biofilms, and no significant difference 
was seen for EPS of distribution system B biofilms and EPS of plumbing system B biofilms. 
EPS of drinking-water biofilms cultivated at plumbing system C showed similar total 
carbohydrate concentrations and lowest EPS carbohydrate concentrations compared to the 
4 other biofilms.  
Carbohydrates were determined in undialyzed as well as in dialyzed (MWCO 3500 Da) EPS 
solutions. Slightly lower carbohydrate concentrations were found in dialyzed samples. The 
differences were statistically insignificant (p > 0.05), indicating the major proportion of 
determined carbohydrates in the undialyzed sample was high molecular weight 
polysaccharides. 
 
The proportions of EPS components, which could be isolated by CER, varied among the 
biofilms. A decreasing trend of EPS yields with increasing Cu concentrations in the drinking 
waters was observed (Fig. 4.27). 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.27: Proportions of isolated EPS proteins (left) and carbohydrates (right) from five different drinking-
water biofilms in relation to the Cu concentration in the respective drinking water. 100 % represent total 
drinking-water biofilm proteins or carbohydrates. 
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- eDNA - 
DNA was only determined in undialyzed and dialyzed EPS solutions and showed significant 
differences in concentration comparing biofilms from the five different locations. Plumbing 
system A biofilms contained lowest concentrations of eDNA (0.09 ± 0.02 µg cm-2), followed 
by plumbing system C biofilms (0.29 ± 0.005 µg cm-2), distribution system B biofilms (0.30 ± 
0.01 µg cm-2), plumbing system B biofilms (0.34 ± 0.18 µg cm-2) and distribution system A 
biofilms (0.35 ± 0.14 µg cm-2) (Fig. 4.26, upper diagrams). On a biofilm wet weight basis, 
eDNA concentrations in distribution system A biofilms were 8.9 times higher compared to 
plumbing system A biofilms, while eDNA concentrations in distribution system B biofilms 
were 0.74 times the amount of plumbing system B biofilms (Fig. 4.26, lower diagrams). 
Dialysis of EPS solutions in some cases resulted in considerable reductions of eDNA 
concentrations. While EPS solutions from drinking-water biofilms cultivated at plumbing 
system A and plumbing system C revealed only 8 % and 17 % lower DNA contents after 
dialysis, respectively, the eDNA content of distribution system A biofilms, plumbing system B 
biofilms and distribution system B biofilms was significantly reduced by dialysis by 42 %,  
88 % and 97 %, respectively.  
 
- 2DE - 
Extracellular proteins were analyzed by 2DE and protein spot patterns were compared for 
similarity and number of spots. The analysis revealed distinct spot patterns of EPS proteins 
isolated from 14 d-old drinking-water biofilms cultivated at the five locations (Fig. 4.28). 
Total numbers of spots varied considerably (Tab. 4.8). In all cases, the majority of spots was 
located in the pI range between pI 4 and pI 7 and molecular weights of 21.5 kDa and  
66.3 kDa. All EPS samples revealed a small number of relatively large proteins with molecular 
weightes close to 200 kDa, acidic proteins with pI close to pI 3, or, with exception of 
distribution system B biofilms, also basic proteins with pI close to pI 10 could be visualized 
(Fig. 4.28). 
Similarity of EPS protein spot patterns obtained from the biofilm samples was evaluated 
based on presence or absence of spots. The similarity of EPS protein spot patterns in general 
was low. The EPS protein spot pattern of the distribution system B biofilm sample showed 
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substantial differences to all other spot patterns produced (Fig. 4.28d). In addition to 
showing the lowest number of spots, only 5 spots with molecular weights > 55.4 kDa and no 
spots with pI ≥ 8 could be detected. Furthermore, presence of the twin spots corresponding 
to the DNase Benzonase (Fig. 4.28d; marked in green) was not detected, while their 
presence was confirmed on 2DE gels of all other EPS samples.  
 
 
Table 4.8: Number of protein spots detected by 2DE in the EPS of 14 d-old drinking-water biofilms cultivated at 
5 different locations in 3 independent reactor runs. 
Site of biofilm cultivation 
Number of protein spots 
Run 1 Run 2 Run 3 
Plumbing system A 620 617 539 
Distribution system A 575 511 761 
Plumbing system B 530 436 - 
Distribution system B 360 329 - 
Plumbing system C 593 425 450 
 
 
Extracellular protein spot patterns obtained for plumbing system A, distribution system A, 
plumbing system B and plumbing system C biofilms exhibited some common features. Four 
protein clusters (Fig. 4.28, encircled in red) were detected in the EPS of the four drinking-
water biofilm samples and appeared to be universally present in the EPS of 14 d-old 
drinking-water biofilms. Three protein clusters (Fig. 4.28, encircled in orange) were found to 
be only present in the EPS of copper-rich drinking-water biofilms as was the case for biofilms 
grown at plumbing system A, plumbing system B or plumbing system C. These protein 
clusters were previously detected in the biofilm dynamics studies (Section 4.4.4) and 
exhibited prevalence throughout the cultivation of up to 28 d. A total of 36 protein spots, 
which included spots in common in the EPS of all drinking-water biofilms, or found only in 
the EPS of plumbing system biofilms were selected for identification by MALDI-TOF-MS 
(Section 4.6).  
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Figure 4.28: 2DE gels of EPS proteins from 14 d-old drinking-water biofilms cultivated at a) plumbing system A, 
b) distribution system A, c) plumbing system B, d) distribution system B and e) plumbing system C. Encircled in 
red: spots present in all EPS samples; encircled in green: Benzonase twin-spots; encircled in orange: spot 
clusters found in plumbing system biofilms only. Protein load: 100 µg. 
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Figure 4.28: Continued 
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Figure 4.28: Continued 
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4.6 Identification of EPS proteins 
The main functions of extracellular proteins are considered to be as enzymes or as structural 
components of the EPS matrix. To determine the role of EPS proteins in drinking-water 
biofilms, EPS proteins were separated by 2DE and subjected to identification by MALDI-TOF-
MS. For identification of EPS proteins from drinking-water biofilms, the biofilms were 
cultivated on EPDM for 14 d at plumbing system C and sampled according to sections 3.1 
and 3.2. EPS was isolated by 20 min CER treatment (Section 3.8). EPS solutions were 
incubated with the DNase Benzonase and dialyzed (MWCO 12 – 14 kDa) as clean-up for 2DE, 
and aliquots containing 400 µg protein were freeze dried. Freeze-dried EPS were subjected 
to 2DE in duplicates. The EPS were resuspended in IEF buffer and subjected to IEF on IPG 
strips with a linear pH gradient of 3 to 10 for a total of 95 kVh, followed by separation by size 
on 12 % SDS polyacrylamide gels. Gels were stained with silver (Blum et al., 1987). A total of 
36 protein spots were excised from each gel from same locations on both gels (Fig. 4.29). 
Proteins present in the excised gel plugs were digested with Trypsin and analyzed by MALDI-
TOF-MS. 
Identification results are given in Tab. 4.9. The MS-spectra obtained for EPS proteins in most 
cases showed significant homology (a score ≥ 85 is according to the Mascot software 
considered significant) to MS-spectra of proteins present in the NCBInr database. The 
majority of analyzed proteins exhibited significant homology to more than one protein. 
Molecular weight or pI of the identified proteins only in some cases corresponded to the 
location of the proteins on the gels. The majority of analyzed EPS protein spots displayed 
significant homology of MS-spectra to proteins with metabolic, transport, or regulatory 
functions. 
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Figure 4.29: 2DE gel of EPS proteins from drinking-water biofilms. Marked spots represent excised protein 
spots from the 2DE gel. Protein load: 400 µg. 
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Table 4.9: Identities of EPS proteins of 14 d-old drinking-water biofilms cultivated at plumbing system C. Score ≥ 85 indicates significant homology of mass spectra to identified 
proteins. Ext, extracellular; OM, outer membrane; P, periplasma; IM, inner membrane; M, membrane; CW, cell wall; Cyt, cytoplasma; Mit, mitochondrial; Nuc, nuclear. 
Spot 
No. 
Closest match NCBI database 
accession no. 
Score Molecular 
weight [Da] 
pI Alloca-
tion 
Function 
1 DNA-directed RNA polymerase omega subunit family protein-like protein 
(Brachyspira pilosicoli 95/1000) 
Predicted: nesprin-1-like (Oreochromis niloticus) 
YP_003786719 
 
XP_003449925 
124 
 
91 
648473 
 
1000241 
4.41 
 
5.31 
Ext, 
Cyt 
n.d. 
DNA-directed RNA polymerase; lipid 
binding 
Unknown 
2 Hypothetical protein MYCTH_2310162 (Myceliophthora thermophila ATCC 42464) 
Apolipoprotein A1 / A4 / E (Brachyspira murdochii DSM 12563) 
 
Hypothetical protein ANACAC_02896 (Anaerostipes caccae DSM 14662) 
AEO60681 
YP_003632456 
 
ZP_02420279 
92 
90 
 
89 
494309 
891359 
 
631318 
5.77 
4.52 
 
4.83 
Cyt 
Cyt, 
Ext 
Ext 
ATPase activity 
Lipid binding 
 
Unknown 
3 PAS/PAC sensor signal transduction histidine kinase (Syntrophobacter 
fumaroxidans MPOB) 
Putative winged helix family two component transcriptional regulator 
(Dyadobacter fermentans DSM 18053) 
YP_847362 
 
YP_003089266 
 
87 
 
85 
63326 
 
33097 
7.67 
 
8.63 
Cyt 
 
OM, 
Cyt 
Two-component sensor  
 
DNA binding; response regulator 
4 Hypothetical protein LmonocytFSL_12376 (Listeria monocytogenes FSL J2-003) 
DEAD / DEAH box helicase domain protein (Eubacterium cellulosolvens 6) 
ZP_05298907 
ZP_07839880 
87 
86 
26866 
58119 
5.49 
9.95 
n.d. 
n.d. 
Unknown 
Unknown 
5 Recombination activating protein 1 (Muscisaxicola albilora) 
 
 
Predicted protein (Micromonas pusilla CMP1545) 
 
Type I site-specific deoxyribonuclease, HsdR family (Lactobacillus iners LactinV 
09V1-c) 
ACS74334 
 
 
XP_003061451 
 
ZP_07698994 
92 
 
 
90 
 
86 
111801 
 
 
614201 
 
132492 
8.78 
 
 
4.83 
 
5.37 
Cyt, 
Mit 
 
OM 
 
Cyt 
Acid-amino acid ligase; hydrolase, 
acting on ester bonds; sequence-
specific DNA binding; zinc ion binding 
Nucleobase transmembrane 
transporter; starch binding 
ATP-, DNA binding; 
deoxyribonuclease; helicase 
6 Outer membrane protein (Fusobacterium periodonticum ATCC 33693) 
CG41503 (Drosophila melanogaster) 
Laminin, beta 3 (Bos Taurus) 
Peptidase M23 (Muricauda ruestringensis SDM 13258) 
ZP_06025920 
NP_001163863 
DAA20971 
YP_004786771 
96 
96 
93 
92 
368322 
38427 
132715 
63975 
8.74 
9.32 
6.80 
6.01 
Ext 
Nuc 
Ext 
OM; 
Ext 
Autotransporter 
Unknown 
Structure 
Peptidase 
7 Predicted: uncharacterized protein LOC100837110 (Brachypodium distachyon) 
Conserved unknown protein (Ectocarpus siliculosus) 
 
Hypothetical protein Mnod_6604 (Methylobacterium nodulans ORS 2060) 
Hypothetical protein (Plasmodium vivax SaI-1) 
XP_003557657 
CBJ32212 
 
YP_002501675 
XP_001613279 
98 
97 
 
91 
86 
65402 
191236 
 
307019 
597652 
8.58 
5.14 
 
4.83 
8.60 
Nuc 
Nuc, 
cyt 
OM 
Nuc 
Unknown 
ATP binding; microtubule motor 
 
Lipid binding/transport 
Dynein complex, microtubule motor 
8 Predicted protein (Populus trichocarpa) XP_002329744 80 64789 5.48 Cyt Mg ion binding; terpene synthase 
9 Hypothetical protein Mnod_6604 (Methylobacterium nodulans ORS 2060) 
RND family efflux transporter MFP subunit  (Methylobacterium radiotolerans JCM 
2831) 
Predicted: nesprin-1-like (Oreochromis niloticus) 
YP_002501675 
YP_001757744 
 
XP_003443047 
101 
98 
 
98 
307019 
44590 
 
1009172 
4.83 
6.67 
 
5.25 
OM 
P, OM 
 
Nuc 
Lipid binding/transport 
Transmembrane transport 
 
Actin binding 
        
  
    
 
Table 4.9: Continued       
Spot 
No. 
Closest match NCBI database 
accession no. 
Score Molecular 
weight [Da] 
pI Locali-
zation 
Function 
 GD22425 (Drosophila simulans) 
Hypothetical protein Hbut_1477 (Hyperthermus butylicus DSM 5456) 
Regulatory protein LuxR (Sphingomonas wittichii RW1) 
XP_002078618 
YP_001013646 
YP_001261431 
92 
88 
87 
117556 
163434 
97110 
8.94 
5.59 
5.29 
Nuc 
Cyt 
Cyt 
Unknown 
Unknown 
Response regulator 
10 Hpothetical protein (Plasmodium vivax SaI-1) 
 
Hypothetical protein PIIN_07729 (Piriformospora indica) 
Chromosome seggregation Smc protein (Lactobacillus sakei subsp. sakei 23K) 
XP_001613600 
 
CCA73775 
YP_395323 
98 
 
89 
86 
517212 
 
112399 
132679 
6.48 
 
9.48 
5.29 
Nuc, 
Cyt 
Nuc 
Cyt 
Unknown 
 
Unknown 
DNA binding 
11 Putative MutS domain I (Clostridium sp. M62/1) 
 
 
Hypothetical protein Adeh_3797 (Anaeromyxobacter dehalogenans 2CP-C) 
Chromosome segregation protein SMC (Burkholderia pseudomallei 1710b) 
ZP_06571656 
 
 
YP_467000 
YP_333984 
96 
 
 
94 
93 
337341 
 
 
330833 
140091 
5.03 
 
 
5.34 
5.13 
Cyt 
 
 
OM 
Cyt 
ATP binding; helicase activity; 
methyltransferase activity, 
mismatched DNA binding 
Unknown 
ATP binding; DNA binding 
12 Hypothetical protein Bphy_5976 (Burkholderia phymatum STM815) 
Hypothetical protein E5Q_02672 (Mixia osmundae IAM 14324) 
YP_001862085 
GAA96012 
90 
88 
64597 
27174 
9.2 
6.3 
IM 
P 
Unknown 
Hydrolase 
13 Hypothetical protein Mnod_6604 (Methylobacterium nodulans ORS 2060) 
M protein repeat protein (Arthroderma benhamiae CBS 112371) 
 
Chromosome segregation protein (Psc1), putative (Trichophyton verrucosum HKI 
0517) 
M protein repeat-containing protein (Trichophyton equinum CBS 127.97) 
 
Predicted protein (Trichoderma reesei QM6a) 
 
Hypothetical protein SKA34_20542 (Photobacterium sp. SKA34) 
Hypothetical protein TRIVIDRAFT_86434 (Trichoderma virens Gv29-8) 
YP_002501675 
XP_003011730 
 
XP_003018785 
 
EGE07815 
 
EGR47626 
 
ZP_01159900 
EHK26410 
108 
108 
 
101 
 
90 
 
87 
 
87 
86 
307019 
126935 
 
126950 
 
126952 
 
249607 
 
228149 
249714 
4.83 
4.93 
 
4.96 
 
4.95 
 
5.07 
 
4.70 
5.05 
OM 
Cyt, 
Nuc 
Nuc, 
Cyt 
Nuc, 
Cyt 
Nuc, 
Cyt 
Ext 
Nuc, 
Cyt 
Lipid binding/transport 
Unknown 
 
Unknown 
 
Unknown 
 
Helicase; Hydrolase 
 
Unknown 
Helicase; Hydrolase 
14 Ubiquitin ligase subunit CulD (Metarhizium acridum CQMa 102) 
 
Putative lipoprotein (Streptococcus parasanguinis SK236) 
Hypothetical protein MYCTH_2307003 (Myceliophthora thermophila ATCC 42464) 
EFY91384 
 
EGU65582 
AEO59067 
108 
 
87 
86 
95784 
 
14305 
126011 
9.04 
 
6.73 
5.03 
Nuc, 
Mit 
M, Ext 
Nuc, 
Cyt 
Ligase 
 
Unknown 
Unknown 
15 DNA-directed RNA polymerase omega subunit family protein-like protein 
(Brachyspira pilosicoli 95/1000) 
 
Polysaccharide pyruvyl transferase (Streptomyces lividans TK24) 
Hypothetical protein SCO0893 (Streptomyces coelicolor A3 (2)) 
YP_003786719 
 
 
ZP_06532812 
NP_625192 
88 
 
 
87 
86 
648473 
 
 
42955 
44345 
4.41 
 
 
5.85 
5.94 
Ext, 
Cyt 
 
Cyt 
Cyt 
DNA-directed RNA polymerase; lipid 
binding 
 
Transferase 
Transferase 
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accession no. 
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weight [Da] 
pI Locali-
zation 
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16 Hypothetical protein MexAM1_META1p4913 (Methylobacterium extorquens AM1) 
Nucleotide sugar dehydrogenase (Thermus thermophilus SG0.5JP17-16) 
 
Hypothetical protein Mext_4468 (Methylobacterium extorquens PA1) 
YP_002965797 
AEG33386 
 
YP_001641907 
97 
89 
 
86 
296899 
50719 
 
296904 
4.90 
5.87 
 
4.90 
OM 
Cyt 
 
OM 
Lipid binding/transport 
NAD binding; UDP-glucose 6-
dehydrogenase 
Lipid binding/transport 
17 Predicted protein (Populus trichocarpa) 
Hypothetical protein PTT_09948 (Pyrenophora teres f. teres 0-1) 
XP_002317754 
XP_003299037 
84 
82 
38438 
163779 
7.79 
6.27 
Mit 
Nuc 
Metal ion binding; oxidoreductase 
Unknown 
18 Type III effector protein XopAD (Xanthomonas oryzae pv. oryzicola BLS256) 
Hypothetical protein HMPREF9413_4085 (Paenibacillus sp. HGF7) 
 
CG3173 (Drosophila melanogaster) 
CD05534p (Drosophila melanogaster) 
Hypothetical protein MTES_1762 (Microbacterium testaceum StLB037 
Ppx / GppA phosphatase (Hyphomicrobium denitrificans ATCC 51888) 
Nonstructural polyprotein (Microbacterium testaceum StLB037) 
 
 
Nonstructural polyprotein (Chikungunya virus) 
 
 
 
 
GE14364 (Drosophila yakuba) 
Hypothetical protein CLF_101160 (Clonorchis sinensis) 
Biopolymer transport protein ExbD/TolR (Bacteroides helcogenes P 36-108) 
GA module protein (Gardnerella vaginalis 315-A) 
AEQ98548 
ZP_08507129 
 
NP_611875 
AAN71641 
YP_004224606 
YP_003756958 
YP_004224606 
 
 
ADG95951 
 
 
 
 
XP_002092752 
GAA48087 
YP_004160702 
EGL13251 
93 
92 
 
91 
91 
91 
90 
90 
 
 
89 
 
 
 
 
88 
87 
86 
85 
314948 
242936 
 
237286 
237314 
31853 
56501 
279067 
 
 
279126 
 
 
 
 
237110 
38687 
24450 
213357 
7.65 
5.69 
 
6.15 
6.15 
8.24 
9.00 
6.75 
 
 
6.90 
 
 
 
 
6.27 
8.95 
5.76 
5.77 
P, OM 
Cyt 
 
Nuc 
Nuc 
Cyt 
Cyt 
Virus 
 
 
Virus 
 
 
 
 
Nuc 
Cyt 
P 
P 
Binding 
Nucleoside-triphosphatease; 
nucleotide binding 
Binding 
Binding 
Unknown 
Phosphatase 
ATP-, RNA binding; RNA polymerase; 
cysteine-type peptidase; helicase; 
mRNA methyltransferase 
Helicase; hydrolase; 
methyltransferase; 
nucleotidyltransferase; protease; RNA 
polymerase; thiol protease; 
transferase 
Binding 
Ca ion binding 
Transmembrane protein transport 
Pathogenesis 
19 Hypothetical protein DespoDRAFT 1881(Desulfobacter postgatei 2ac9) 
Nitrate reductase [NAD(P)H], large subunit (Staphylococcus aureus A9635) 
ZP_09097030 
ZP_05687927 
92 
87 
13368 
89608 
5.02 
5.28 
n.d. 
Cyt 
Unknown 
Oxidoreductase 
20 Hypothetical protein bthur0013_51610 (Bacillus thuringiensis IBL 200) 
 
Thrombospondin type 3 repeat superfamily protein (Peptoniphilus duerdenii ATCC 
BAA-1640) 
ZP_04074828 
 
ZP_07400466 
98 
 
92 
20510 
 
323865 
8.67 
 
5.11 
Cyt, 
Ext 
CW 
Unknown 
 
Ca binding  
21 Hypothetical protein NEMVEDRAFT_v1g222052 (Nematostella vectensis) XP_001621378 72 23441 4.33 Cyt, 
Nuc 
Unknown 
22 Putative methylase (Streptomyces hygroscopicus ATCC 53653) ZP_07293066 86 23036 10.8 M Methyltransferase 
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pI Locali-
zation 
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23 Hypothetical protein PGTG_18071 (Puccinia graminis f. sp. tritici CRL 75-36-700-3) 
L-proline dehydrogenase (Intrasporangium calvum DSM 43043) 
Type III effector protein XopAD (Xanthomonas oryzae pv. oryzicola BLS256) 
XP_003336296 
YP_004097913 
AEQ98548 
89 
87 
86 
200358 
34825 
314948 
6.85 
5.92 
7.65 
Nuc 
Cyt 
P, OM 
Binding 
Proline dehydrogenase 
Binding 
24 Transcriptional regulator (Streptomyces clavuligerus ATCC 27064) 
 
Hypothetical protein MICPUN_96907 (Micromonas sp. RCC299) 
 
Diguanylate cyclase/phosphodiesterase (Acetivibrio cellulolyticus CD2)  
ZP_05005765 
 
XP_002507402 
 
ZP_07327785 
87 
 
87 
 
85 
76376 
 
100369 
 
102667 
8.68 
 
5.87 
 
5.55 
Cyt 
 
Chl 
 
n.d 
ADP-, DNA binding; Nucleoside-
triphosphatase; response regulator 
ATP binding; kinase; pyruvate, 
phosphate dikinase 
Unknown 
25 Hypothetical protein zobellia_3150 (Zobellia galactanivorans) YP_004737568 96 79410 5.69 Cyt Catalytic activity 
26 Predicted protein (Micromonas sp. RCC299) XP_002502059 91 36333 9.87 Mit, 
Cyt 
Oxidoreductase 
27 PAS/PAC sensor signal transduction histidine kinase (Ktedonobacter racemifer DSM 
44963) 
AAA ATPase, central domain protein (Thermosinus carboxydivorans Nor1) 
Outer membrane component of multidrug efflux pump (Xanthomonas fuscans 
subsp. aurantifolii str. ICPB 10535) 
Eukaryotic translation initiation factor 2c (Ajellomyces capsulatus H143) 
ZP_06967808 
 
ZP_01666434 
ZP_06731747 
 
EER37077 
100 
 
91 
88 
 
86 
63582 
 
38495 
51074 
 
100942 
4.99 
 
6.63 
6.08 
 
9.65 
Cyt 
 
Cyt 
OM 
 
Mit 
Two-component sensor 
 
Nucleoside-triphosphatase  
Transport 
 
Translation initiation factor 
28 YaeB (Klebsiella pneumonia) 
alanyl-tRNA synthetase (Pseudomonas putida W619) 
YP_003517426 
YP_001750614 
86 
85 
10635 
97369 
7.90 
5.36 
Cyt 
Cyt 
Unknown 
ATP binding; alanine-tRNA ligase; 
metal ion binding; tRNA binding 
29 Conserved hypothetical protein (Lactobacillus brevis subsp. gravesensis ATCC) 
DENN domain-containing protein (Arthroderma otae CBS 113480) 
ZP_03939650 
XP_002844092 
106 
90 
310886 
104116 
5.30 
6.53 
Ext, M 
Nuc 
Cell wall component 
Unknown 
30 Hypothetical protein BMS_1974 (Bacteriovorax marinus SJ) CBW26789 88 124459 5.3 Ext, 
OM 
Unknown 
31 RmuC domain protein (Neisseria subflava NJ9703) 
FrnA (Streptomyces roseofulvus) 
ZP_05985826 
AAC18096 
96 
90 
68119 
83322 
5.62 
8.94 
OM 
Cyt 
Unknown 
Transporter 
32 Putative two-component response regulator (Uncultured bacterium)* 
Two component LuxR family transcriptional regulator (Acidovorax sp. JS42) 
Q6JWS4 
YP_986372 
179 
126 
23727 
23196 
5.39 
5.51 
Cyt 
Cyt 
Response regulator 
Response regulator 
33 Predicted protein (Nematostella vectensis) 
Myelin transcription factor 1-like protein (Rattus norvegicus) 
 
 
 
 
Hypothetical protein HMPREF933_02224 (Johnsonella ignava ATCC 51276) 
XP_001640716 
NP_446340 
 
 
 
 
ZP_09155338 
109 
95 
 
 
 
 
88 
104766 
134793 
 
 
 
 
399796 
4.96 
4.83 
 
 
 
 
5.15 
Nuc 
Nuc 
 
 
 
 
Cyt, 
OM 
Unknown 
RNA polymerase II transcription 
activator; retinoic acid-responsive 
element binding; sequence-specific 
DNA binding transcription factor; zinc 
binding 
ATP binding; DNA binding, helicase 
activity, methyltransferase activity 
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34 Hypothetical protein DAPPUDRAFT_111031 (Daphnia pulex) 
 
Xaa-Pro aminopeptidase (Microscilla marina ATCC 23134) 
Type III effector HopR1 (Pseudomonas syringae pv. aesculi str. 2250) 
BNI1 (Saccharomyces cerevisiae) 
EFX72104 
 
ZP_01688987 
ZP_06479893 
CAA63225 
95 
 
89 
87 
87 
293681 
 
55600 
203281 
174900 
7.91 
 
9.35 
6.13 
6.13 
Nuc, 
Cyt 
P 
OM 
Nuc 
Binding 
 
Aminopeptidase 
Unknown 
Binding 
35 Protein unc-22 (Brugia malayi) 
 
Exonuclease SbcC (Borrelia burgdorferi 94a) 
XP_001899339 
 
ZP_03770352 
91 
 
86 
759185 
 
111868 
5.61 
 
8.24 
Nuc, 
Cyt 
OM; 
Cyt 
Protein kinase 
 
Exonuclease 
36 Succinyl-CoA synthetase subunit beta (Polaromonas sp. JS666) 
 
YP_551463 93 41409 5.21 Cyt ATP binding; metal ion binding; 
succinate-CoA ligase 
*detected in drinking-water biofilm (Stoeckigt et al., unpublished). 
 
 
 
   Results 
 
141 
 
4.7 Influence of Pseudomonas aeruginosa on drinking-water biofilm 
composition 
Recent studies have demonstrated the potential of drinking-water biofilms to accommodate 
hygienically relevant microorganisms, which may pose a threat to human health (Szewzyk et 
al., 2000; Flemming et al., 2002; Bressler et al., 2009; Moritz et al. 2010). P. aeruginosa is 
known to occasionally occur as a contaminant of drinking-water biofilms and represents 
such a hygienically relevant organism due to its facultative pathogenic character. The aim of 
the present study was the investigation of the colonization of established drinking-water 
biofilms with P. aeruginosa to determine, whether changes to the biofilm composition and 
properties in presence of this organism occur. Drinking-water biofilms were grown on EPDM 
coupons as described in section 3.1 in parallel in two separate biofilm reactors connected to 
plumbing system C. After 14 d of biofilm growth the water flow was stopped, 3 EPDM 
coupons were aseptically removed from each biofilm reactor and biofilms were sampled 
according to section 3.2 to obtain information on the biofilms prior to inoculation. One of 
the biofilm reactors was inoculated with P. aeruginosa AdS in deionized water at a 
concentration of 1 x 106 cell mL-1 and the biofilms were statically incubated for 24 h (+ P.a.). 
The other reactor was inoculated with deionized water only and served as negative control  
(- P.a. control). After the incorporation drinking water flow was restarted and biofilms were 
sampled after additional 24 h or 7 d of cultivation at flow conditions. The biofilms were 
analyzed by microbiological, biochemical, or molecular biological means for potential 
alterations of the EPS matrix caused by P. aeruginosa. Results represent the arithmetic 
means ± standard deviation of two independent biofilm cultivation runs. 
 
4.7.1 Incorporation of P. aeruginosa into drinking-water biofilms  
Drinking-water biofilms were analyzed for total cell count, HPC, as well as presence of  
P. aeruginosa AdS within drinking-water biofilms by cultivation on CN agar or the cultivation-
independent FISH. All parameters were determined in drinking-water biofilms prior to 
incorporation of P. aeruginosa AdS (biofilm age: 14 d), 24 h after incorporation (biofilm age: 
16 d), or 7 d after incorporation (biofilm age: 22 d).  
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All biofilms showed relatively similar total cell counts in drinking-water biofilms in the range 
of 2.4 x 108 ± 1.8 x 107 and 4.9 x 108 ± 2.6 x 108 cells cm-2 (Fig. 4.30). Culturability of biofilm 
cells on R2A medium exhibited a slightly increasing trend throughout the experimental run, 
and was in the range of 3.1 x 106 ± 2.9 x 106 cfu cm-2 and 1.4 x 108 ± 8.3 x 107 cfu cm-2. 
Presence of P. aeruginosa in drinking-water biofilms prior to inoculation was not detected by 
cultivation on CN agar, which is selective for P. aeruginosa, or by FISH. Cultivation on CN 
agar, furthermore, did not detect P. aeruginosa in any biofilms, irrespectively of the addition 
of P. aeruginosa in the inoculum or the duration of cultivation (detection limit: 0.5 cfu cm-2). 
Determination of P. aeruginosa by FISH, on the other hand, revealed 1.2 x 105 ± 5.9 x  
104 cells cm-2 24 h after inoculation and 2.6 x 105 ± 2.8 x 105 cells cm-2 7 d after inoculation. 
Presence of P. aeruginosa in negative control biofilms 24 h or 7 d after inoculation with 
sterile deionized water was not detected by FISH. 
 
 
 
 
 
 
 
 
Figure 4.30: Total cell count and HPC of drinking-water biofilms and concentrations of P. aeruginosa AdS before 
as well as 24 h and 7 d after inoculation. Total cell count was determined by DAPI staining, HPC was analyzed 
by spread-plate method on R2A medium and enumeration of colonies after 7 d incubation at 20 °C.  
P. aeruginosa AdS concentrations were determined by FISH using the Psae16S-182 probe as well as culturally 
by spread-plate method on CN agar. + P.a. indicates biofilms used for inoculation with P. aeruginosa in 
deionized water, - P.a. (control) indicates negative control biofilms used for inoculation with deionized water 
only. n.d., not detected; n = 2 independent cultivation runs.  
 
A discrepancy between detection of P. aeruginosa by cultivation on CN agar and FISH was 
evident. A potential reason for the difference could be the loss of culturability of  
P. aeruginosa due to Cu ions present in the drinking water used for biofilm cultivation. Cu at 
concentrations of 0.14 mg L-1, as present in drinking water from plumbing system C, has 
been shown to cause a transition of P. aeruginosa into the VBNC state (Dwidjosiswojo et al., 
TCC HPC P.a. FISH P.a. cultural
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2011). Hence, the effect of drinking water as well as Cu ion solutions on P. aeruginosa was 
investigated.  
P. aeruginosa AdS pure cultures were exposed to different dilutions of drinking water in 
deionized water for 24 h. After incubation the suspensions were analyzed for total cell 
number and culturability on nutrient agar. Enumeration of cells displayed similar total cell 
counts in all dilutions of drinking water, ranging from 1.7 x 106 to 2.5 x 106 cells mL-1  
(Fig. 4.31a). Cultivation of P. aeruginosa in the inoculum (deionized water control, 0 % 
drinking water) showed colony counts comparable to the total cell counts of 1.3 x  
106 cfu mL-1. Exposure of P. aeruginosa to drinking water resulted in significant reduction of 
culturability by 5 orders of magnitude already in 5 fold diluted drinking water, which 
corresponded to a 0.44 µM Cu content.  
P. aeruginosa AdS pure cultures were, furthermore, exposed to different concentrations of 
Cu in 6 mM phosphate buffer at pH 7.0 for 24 h and subsequently analyzed for total cell 
count and culturability on nutrient agar. Total cell counts were in the range of 3.3 x 106 ±  
1.9 x 105 cells mL-1 and 4.4 x 106 ± 3.2 x 105 cells mL-1 (Fig. 4.31b). Culturability of P. 
aeruginosa exposed to Cu in concentrations between 0 µM and 0.6 µM was marginally lower 
compared to total cell counts, revealing colony numbers between 1.1 x 106 ± 8.7 x 104 cfu 
mL-1 and 1.5 x 106 ± 6.1 x 105 cfu mL-1. Cu concentrations > 0.6 µM caused a decrease of 
culturability with increasing Cu content, showing 9.3 ± 5.7 cfu mL-1 in 4 µM Cu 
concentrations. 
 
 
 
 
 
 
 
 
Figure 4.31: Total cell count (TCC) and culturability of P. aeruginosa AdS after 24 h exposition at 20 °C to a) 
dilutions of drinking water in deionized water (n = 1), or b) different concentrations of copper in 6 mM 
phosphate buffer at pH 7.0 (n = 2). Total cell count was determined by DAPI-staining, culturability was analyzed 
by spread-plate method on nutrient agar. 
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4.7.2 Influence of P. aeruginosa on the biochemical composition of drinking-water biofilms 
Drinking-water biofilms and their EPS matrix after incorporation of P. aeruginosa were 
analyzed for protein, carbohydrate and eDNA content. Drinking-water biofilms inoculated 
with P. aeruginosa AdS as well as isolated EPS exhibited slightly lower quantities of proteins, 
carbohydrates and DNA compared to the concentrations of the control biofilms of the 
respective age (Fig. 4.32). The major difference was detected in extracellular DNA 
concentrations, which were 50 % (24 h after incorporation) and 31 % (7 d after 
incorporation) lower, respectively, compared to the control biofilms of the respective age. 
 
 
 
 
 
 
 
 
Figure 4.32: Protein, carbohydrate and eDNA concentrations in drinking-water biofilms and isolated EPS, 24 h 
or 7 d after inoculation with P. aeruginosa AdS (+P.a.) or deionized water (-P.a. control). Proteins were 
quantified by the modified Lowry assay (Peterson, 1977), carbohydrates were determined by the sulphuric 
acid/phenol method, eDNA was analyzed by PicoGreen (n = 2 independent biofilm cultivation runs). 
 
Drinking-water biofilms were qualitatively analyzed by 2DE to determine qualitative changes 
of extracellular proteins caused by the incorporation of P. aeruginosa into the biofilms. 
Protein spot patterns were produced for EPS isolated from drinking-water biofilms prior to 
incorporation of P. aeruginosa (biofilm age: 14 d), and 24 h (biofilm age: 16 d) or 7 d after 
incorporation (biofilm age: 22 d), as well as for the respective negative controls. 
2DE of extracellular protein resulted in spot patterns showing between 450 and 500 spots in 
the range of pH 3 to 10 and molecular weights of 20 to 200 kDa prior to incorporation of  
P. aeruginosa, as well as 24 h or 7 d after incorporation (Fig. 4.33). The spot patterns of EPS 
isolated from drinking-water biofilms before inoculation, 24 h after inoculation with  
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P. aeruginosa, and the control 24 h after inoculation with deionized water showed slight 
variations of the spot profiles, however, no significant changes were evident. Prolonged 
incubation resulted in a smaller number of high molecular weight proteins as well as basic 
proteins 7 d after inoculation with P. aeruginosa or the control. This decrease was similar to 
the results obtained in the dynamics studies in section 4.4.4. EPS before inoculation or 24 h 
after inoculation showed 35 to 40 high molecular weight spots > 66 kDa. These spots were 
not detected in the EPS of drinking-water biofilms 7 d after incorporation, which showed 
protein spots mainly in pH regions between pH 4 and 7 and molecular weights of 21.5 and 
66.3 kDa.  
Comparison of extracellular protein spot patterns of biofilms 7 d after inoculation with  
P. aeruginosa in deionized water with the control biofilm inoculated only with deionized 
water revealed a small number of noticable alterations to the extracellular protein pattern  
(Fig. 4.33d,e). Region 1 displayed a cluster of proteins composed of approximately 10 spots, 
which was present in biofilms before inoculation, 24 h after inoculation with P. aeruginosa 
and its control, and 7 d after inoculation with P. aeruginosa. This cluster, however, was 
missing in the EPS of negative control biofilms 7 d after inoculation. Regions 2 and 3 on the 
other hand showed clusters of proteins, each composed of 5 spots, which are only present in 
the EPS of negative control biofilms 7 d after inoculation, but in no other sample. 
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Figure 4.33: 2DE gels of EPS proteins isolated from a) drinking-water biofilms before inoculation, b) drinking-
water biofilm 24 h after inoculation with P. aeruginosa AdS in deionized water, c) drinking-water biofilm 24 h 
after inoculation with deionized water (control), d) drinking-water biofilm 7 d after inoculation with  
P. aeruginosa AdS in deionized water, and e) drinking-water biofilm 7 d after inoculation with deionized water 
(control). Encircled in red: regions of major differences in spot patterns.   
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5. DISCUSSION 
Drinking-water biofilms are ubiquitous in drinking water distribution as well as plumbing 
systems. Generally, drinking-water biofilms are formed by autochthonous microorganisms, 
which are considered harmless to human health (Wingender, 2011; Flemming et al., 2012). 
The oligotrophic character of drinking water permits only limited biofilm development, 
however, once nutrients become available, extensive growth can occur, leading to possible 
contamination of the water phase. Furthermore, recent studies have demonstrated the 
potential of drinking-water biofilms to accommodate hygienically relevant microorganisms, 
which may pose a threat to human health (Szewzyk et al., 2000; Flemming et al., 2002; 
Bressler et al., 2009; Moritz et al. 2010). This signifies the need of research in the field of 
biofilm development and composition in drinking water systems, in order to understand the 
formation mechanisms in this kind of environment and the biofilms’ significance as 
reservoirs for hygienically relevant microorganisms. Despite numerous studies investigating 
biofilm formation in these systems, none has addressed the EPS composition and function of 
EPS within drinking-water biofilms. 
The aim of the current study was the characterization of drinking-water biofilms with 
particular regard to their EPS. Knowledge of the composition of drinking-water biofilms and 
their EPS is essential, since EPS can be important targets for measures aimed at the 
inactivation and removal of biofilm organisms from technical systems. In the first part of the 
study, methods for cultivation of drinking-water biofilms, for EPS isolation and for analysis 
were established and adapted, which was a particular challenge, due to the low amounts of 
biomass usually found in drinking water systems. Drinking-water biofilms were cultivated on 
coupons made of an EPDM rubber material, which met physical and chemical requirements 
of the German KTW guideline (Umweltbundesamt, 2011) for plastic materials in drinking 
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water, but not the microbiological recommendations according to the technical rule W270 of 
the German Water and Gas Association (DVGW, 2007). This material was shown to support 
elevated growth of drinking-water biofilms in real drinking water systems, causing 
continuous contamination of the water phase (Kilb et al., 2003). Also Bressler et al. (2009) 
indicated elevated drinking-water biofilm formation on this type of elastomer in a similar 
experimental setup as used in the current study. The extensive biofilm formation on this 
elastomer demonstrates a worst-case scenario for drinking water systems. This material was 
applied in this study to obtain sufficient biomass for the analysis of drinking-water biofilms 
and their EPS.  
The characterization of EPS from drinking-water biofilms required isolation of EPS from the 
biofilm. There is no universal method for the isolation of EPS from biofilms. Hence, the aim 
was to establish a method for EPS isolation from drinking-water biofilms able to recover high 
yields of EPS and allowing for a broad range of analytical methods for EPS characterization. 
Commonly applied EPS isolation methods were tested and compared for their suitability to 
isolate EPS from drinking-water biofilms. The methods were evaluated based on their EPS 
yield, detrimental impact on biofilm cells, as well as compatibility with subsequent analytical 
methods. The focus was on the CER isolation method described by Jahn and Nielsen (1995), 
which was miniaturized and optimized in the present study.  
The established methods for cultivation, sampling and characterization of drinking-water 
biofilms and EPS were applied to investigate different aspects of drinking-water biofilms.  
The progress of biofilm formation on EPDM was analyzed, to obtain information on the 
dynamics of drinking-water biofilms and their EPS throughout the different stages of biofilm 
growth. Moreover, drinking-water biofilms were cultivated on EPDM in different distribution 
and copper plumbing systems to examine the influence of drinking water characteristics as 
well as plumbing materials on biofilm and EPS composition, and to investigate variability 
among drinking-water biofilms according to their origin. Furthermore, the potential of 
drinking-water biofilms to harbor hygienically relevant microorganisms was addressed. 
Established drinking-water biofilms were inoculated with P. aeruginosa as a model 
microorganism of hygienical relevance, to examine its incorporation, persistence and 
influence on drinking-water biofilm and EPS composition.  
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The EPS matrix, which mainly consists of polysaccharides, proteins, DNA, and lipids, has a 
profound role for the establishment and maintenance of biofilms (Flemming and Wingender, 
2010). Extracellular proteins are considered to have their major functions as enzymes or as 
structural components of biofilms (Wingender and Jaeger, 2002). However, identification of 
extracellular enzymes within biofilms has only been attempted in a small number of studies. 
In the present study, extracellular proteins were of particular interest and were analyzed and 
identified to determine their function in the EPS matrix of drinking-water biofilms. 
 
5.1 EPS isolation from drinking-water biofilms 
EPS isolation is generally the most crucial step for the analysis of EPS, as the efficiency and 
completeness of the isolation method determines the outcome of any subsequent analysis. 
There is no universal method for the isolation of EPS, instead, various physical and chemical 
methods have been developed in past decades, aiming at the destabilization and 
consequential solubilization of EPS components. In this study EPS isolation from drinking-
water biofilms was pursued, in order to quantitatively and qualitatively analyze EPS 
composition. EPS isolation from drinking-water biofilms represents a challenge due to the 
usually low amounts of biomass found on surfaces of drinking-water systems. The 
requirements for the EPS isolation method in this case were a) the method should mobilize 
sufficient amounts of EPS components from the drinking-water biofilm matrix, b) the 
method should allow for a broad range of subsequent analytical methods without 
interference for a thorough characterization of the biofilms, and c) the isolation treatment 
should not affect biofilm cell integrity. In this study the main focus was on EPS isolation by 
CER (Jahn and Nielsen, 1995; Frølund et al., 1996), which has shown very promising results in 
a study conducted by Bressler (2008) for EPS isolation from drinking-water biofilms. The CER 
isolation was miniaturized, to meet the requirements of the low biomass of drinking-water 
biofilms, and optimized, in respect to duration of shaking with CER. The optimized CER 
isolation was compared to four alternative EPS isolation procedures conventionally applied 
for activated sludge or pure culture biofilms, which included shaking (control), as well as 
stirring in presence of formaldehyde and NaOH, stirring in presence of EDTA and heating. 
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The substratum EPDM and the cultivation conditions allowed for the growth of relatively 
thick biofilms of drinking-water organisms, so that a sufficient amount of EPS was present 
within the biofilms and could be recovered in quantifiable amounts by all isolation methods. 
The EPS yields varied depending on the EPS isolation method. Furthermore, the addition of 
chemicals, such as formaldehyde, NaOH, or EDTA, for EPS isolation from drinking-water 
biofilms showed limitations for subsequent EPS analyses (Tab. 5.1).  
 
- CER isolation - 
CER treatment has been applied for EPS isolation from a variety of biofilms, including pure 
culture biofilms of several microbial species, sewer biofilms, activated sludge biofilms and 
benthic biofilms (Tab. 1.2). This method functions through the mobilization of multivalent 
cations which cross-link EPS polymers, resulting in the destabilization of the EPS matrix and 
enhanced solubilization of EPS components (Rudd et al., 1983; Jahn and Nielsen, 1995; 
Frølund et al., 1996). The selectivity of the CER towards divalent cations has been described 
by Bonner and Smith (1956), using the CER Dowex 50, and showing the following hierarchy: 
Ba > Pb > Sr > Ca > Ni > Cd > Cu > Co > Zn > Mg. Presence of multivalent cations including 
Ca2+ and Mg2+, which are characteristic cations in drinking water, as well as Fe2+/3+, Cu1+/2+, 
Zn2+ and Al3+, originating from the distribution system or plumbing materials, was confirmed 
in drinking-water biofilms in the current study. These cations were hypothesized to stabilize 
drinking-water biofilm’s EPS matrix. Treatment of drinking-water biofilms with CER was 
expected to bind these cations and liberate increased amounts of EPS components also in 
this type of biofilm analyzed in the present study. 
The isolation of EPS by use of the CER proved to be most suitable for the recovery of EPS 
from drinking-water biofilms in terms of EPS yields, without causing damage to biofilm cells 
or interference with subsequent analyses. Significantly higher EPS yields were isolated with 
the help of the CER compared to simple shaking treatment. Similar results were obtained by 
Jahn and Nielsen (1995) and Frølund et al. (1996) for EPS isolated from sewer biofilms and 
activated sludge, respectively. There was no interference with any subsequent analyses, as 
the CER was completely separated from the treated biofilm suspension by simple 
sedimentation. Also, absence of activity of the strictly intracellular enzyme G6PDH in the EPS 
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solutions indicated no cell lysis induced by CER treatment for up to 60 min. This observation 
was in accordance to results by Jahn and Nielsen (1995), Frølund et al. (1996), as well as Wu 
and Xi (2009) who described this method as gentle to biofilm cells, based on G6PDH activity 
measurements. Also application of other markers as indicators of cell lysis, such as increased 
DNA (Azeredo et al., 1999; Comte et al., 2006) or ATP (Azeredo et al., 2003) content in the 
EPS, as well as live/dead staining (Wu and Xi, 2009) showed no damage to cells in diverse 
biofilms caused by EPS isolation by CER. However, prolonged duration of the CER isolation 
may result in stress on the microorganisms, reflected by the slight decreasing trend of 
culturability of biofilm cells, as occured in the present study, as well as indicated by Jahn and 
Nielsen (1995). This may be caused by the removal of cations such as Mg2+ from the outer 
membrane by CER, causing its destabilization (Jahn and Nielsen, 1995), or due to the higher 
shear stress, causing physical damage to the cells (Taylor Eighmy and Bishop, 1985; Jahn and 
Nielsen, 1995). Shaking in presence of CER for 20 min was found to be optimal for the 
isolation of EPS from drinking-water biofilms, showing significantly increased yields of EPS 
components compared to the control treatment by shaking and no noticeable detrimental 
impact on cells.  
Compared to the control EPS isolation by shaking, CER isolation showed highest increase in 
yields for DNA, followed by proteins, while increase in polysaccharide yields was lowest. This 
can be attributed to the polyanionic character and higher charge density of the polymers, in 
particular DNA, or acidic proteins, which allow for cross-linkages of the polymers with the aid 
of multivalent cations, and consequently, firm binding of the polymers within the EPS matrix. 
Polysaccharides in drinking-water biofilms, on the other hand, were shown to be composed 
mainly of non uronic acid-containing carbohydrates, offering lower amounts of binding sites 
for multivalent cations, and being to a higher degree bound in the EPS matrix by forces other 
than electrostatic bridging. Hence, removal of multivalent cations by CER isolation could 
have affected DNA and proteins to a higher degree, compared to polysaccharides. Similar 
findings have been shown by Higgins and Novak (1997), who demonstrated that proteins 
readily bind to divalent cations leading to their precipitation. Once divalent cations have 
been displaced in their study by the addition of monovalent ions, solubility of proteins 
increased. Also Park and Novak (2007) described higher isolation yields of proteins 
compared to polysaccharides from activated sludge. Increases in extraction yields of 
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carbohydrates are thought to be caused mainly mechanically, due to the higher shear 
imposed by shaking with the CER compared to simple shaking. Alternatively, 
polysaccharides, which were bound directly to proteins, such as lectins or lectin-like 
proteins, potentially present in drinking-water biofilms, could have been liberated due to the 
release of the proteins (Park and Novak, 2007). 
The higher isolation efficiency of CER isolation compared to simple shaking treatment can be 
attributed to the removal of multivalent cations from the EPS, in particular Ca2+ or Mg2+. 
These ions are characteristic components of drinking water and were accumulated from the 
water phase in elevated concentrations within drinking-water biofilms cultivated in this 
study. 20 min CER isolation was sufficient for an almost complete removal of Ca (> 86 %) and 
Mg (> 56 %) from the biofilm. To some extent Fe (37 %) and Cu (44 %) could be removed 
from the biofilm. The mobilization of Fe is contrary to results by Park and Novak (2007), who 
demonstrated no effect of CER treatment on Fe or Al concentrations in activated sludge 
after CER treatment. Wilén et al. (2003) found strong correlations between concentrations 
of total EPS isolated by CER and concentrations of Ca2+ and Mg2+, while the correlations with 
Fe3+ or Al3+ were low, and postulated, that the general mechanism of EPS matrix 
disintegration by CER was mainly due to the removal of divalent cations, and not trivalent 
cations (Wilén et al., 2003; Park and Novak, 2007). However, Fe can exist as trivalent Fe(III), 
as well as divalent Fe(II). The divalent form was not considered in the study by Wilén et al. 
(2003), as it usually constitutes a low proportion of total Fe in activated sludge (Nielsen et 
al., 1997). The removal of Fe from drinking-water biofilms in the present study may indicate 
presence of Fe(II) bound in the EPS of drinking-water biofilms, which, unlike the oxidized 
Fe(III), could interact with the CER due to its divalent character. Though Fe in drinking water 
exists solely as Fe(III), iron-reducing bacteria, which have been shown to reside in drinking-
water biofilms (Teng et al., 2008; Wang et al., 2012), may have utilized Fe(III), which was 
accumulated in the biofilm matrix as electron-acceptor, reducing it to Fe(II).  
Despite the relatively low removal rates of Fe and Cu from the biofilm suspension by CER 
treatment, final EPS solutions contained only 6.8 % and 4.1 % of the initial concentration of 
these cations, respectively. This indicates that Fe and Cu were additionally removed in the 
course of EPS clean-up by centrifugation and filter sterilization. This can have various 
explanations. Similarly to Fe, also Cu exists in two oxidation states, Cu(I) and Cu(II), both of 
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which are stable in water (Mikolay et al., 2010). Both, the reduced Cu(I) as well as the 
oxidized Fe(III) could have remained attached to the cell fraction, due to a potentially low 
affinity of the CER towards the cations in these oxidations states. Moreover, irrespective of 
their oxidation state, Fe and Cu could have been firmly bound to an EPS fraction, which 
could not be isolated by CER treatment, to cellular material, or present within the cells. 
Alternatively, Fe and Cu could be present in a particulate and insoluble form, which could 
explain the particulate matter found during SEM analysis (Fig. 4.5), and which would 
sediment during centrifugation.  
 
- Formaldehyde/NaOH - 
Formaldehyde/NaOH has been mainly applied for the isolation of EPS from activated sludge 
(Liu and Fang, 2002; Comte et al., 2006a). Formaldehyde is believed to “fix” cells by 
chemically reacting with amino, hydroxyl, carbonyl and sulfhydryl groups of proteins and 
nucleic acids in the cell membrane, to prevent lysis during EPS isolation. NaOH on the other 
hand strongly increases the pH, causing dissociation of acidic functional groups of EPS and 
repulsion of negatively charged EPS components (Liu and Fang, 2002; Comte et al., 2006a,b; 
D’Abzac et al., 2010). 
Treatment of drinking-water biofilms with formaldehyde/NaOH resulted in interference of 
the chemicals with analysis of EPS components as well as a complete loss of culturability. 
The loss of culturability may indicate impairment of cells or, in the worst case, even potential 
cell lysis, causing a contamination of the EPS with intracellular material. This observation is in 
agreement with Wu and Xi (2009), who indicated cell lysis induced by NaOH treatment 
applied for EPS isolation from pure culture biofilms of Acinetobacter sp. strain AC811 using 
live/dead staining. Increased DNA content in the EPS has often been used as an indication 
for cell lysis due to EPS isolation procedures, and has also been applied in various studies to 
detect cell lysis due to formaldehyde, NaOH or combinations of formaldehyde with NaOH 
(Tab. 1.2). The DNA yield of formaldehyde/NaOH isolation from drinking-water biofilms was, 
with exception of the control method by shaking, lowest, which would be contrary to the 
assumption of cell lysis. However, the high pH of the EPS solution of pH > 14 after addition of 
NaOH may have resulted in a decreased fluorescence yield of the PicoGreen dye applied for 
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DNA quantification in this study. According to the manufacturer, PicoGreen is effective in a 
pH range of 7 to 8, with an optimum pH of 7.5 (Molecular Probes, 2008). An elevated pH 
during DNA measurement in the current study could have inhibited correct binding of the 
dye. Furthremore, PicoGreen mainly binds to double-stranded DNA, while contributions of 
single-stranded DNA or RNA to the signal intensity are negligible (Singer et al., 1997; 
Molecular Probes, 2008). DNA in the EPS would be denatured and consequently single 
stranded at a pH > 14. Also hydrolysis of DNA at such a high pH value needs to be 
considered. Dialyzed EPS solutions usually showed higher DNA contents, which may be 
attributed to a decrease of pH during dialysis to pH 9.5, allowing for enhanced binding of the 
PicoGreen reagent to DNA. Alternatively, the decrease in pH value may have allowed for a 
partial reformation of hydrogen bonds and reannealing of the DNA strands and, 
consequently, an improved binding of the PicoGreen reagent. Therefore, DNA 
concentrations determined after EPS isolation by formaldehyde/NaOH are very likely to be 
underestimated. 
Formaldehyde/NaOH isolation, furthermore, caused an interference with the 
phenol/sulphuric acid determination of carbohydrates, showing much higher concentrations 
than were determined for the total biofilm. Formaldehyde was identified as the main 
interference-causing agent in this study, resulting in yellow discoloration in deionized water 
in the phenol/sulphuric acid assay, despite absence of carbohydrates. Comte et al. (2006a) 
also suspected formaldehyde to contaminate their EPS samples isolated from activated 
sludge and to chemically react with the polymers, modifying their properties and producing 
an altered infrared spectrum when EPS isolation involved formaldehyde treatment 
compared to EPS isolated by alternative methods.  
Also the protein determination of EPS isolated with formaldehyde/NaOH was most likely 
underestimated, which was attributed to both, formaldehyde as well as NaOH. The 
interference in both assays could, for the most part, be reduced by dialysis. Hence, 
elimination of formaldehyde and NaOH from the EPS solution by dialysis is essential for this 
type of EPS isolation. Analysis of EPS proteins isolated by formaldehyde/NaOH by means of 
2DE showed a smear of proteins in the acidic part of the gel. The high pH value most likely 
denatured, or to some extent hydrolysed proteins. The denaturing effect of NaOH on 
proteins has also been suspected by Karapanagiotis et al. (1989), who applied gel-
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permeation chromatography for the analysis of EPS isolated from digested sewage sludge by 
NaOH treatment. The molecular size distribution of EPS isolated by NaOH in their study 
showed a much higher heterogeneity compared to EPS isolated by other methods 
(Karapanagiotis et al., 1989). Consequently, treatment of biofilm suspensions with 
formaldehyde/NaOH can alter the pI and the molecular weights of proteins and peptides 
and most likely caused the smear of proteins observed on 2DE gels in the present study.  
Application of formaldehyde and NaOH separately as well as in combination is, therefore, 
considered inadequate for EPS isolation from drinking-water biofilms, as well as for the 
applied quantitative and qualitative analyses. 
 
- EDTA - 
EDTA has been applied for EPS isolation from a variety of biofilms (Tab. 1.2). EDTA chelates 
multivalent cations which cross-link EPS polymers, resulting in the destabilization of the EPS 
matrix and enhanced solubilization of EPS components. Unlike CER, which is separated from 
the biofilm suspension by sedimentation in the course of EPS clean-up, EDTA remains in the 
EPS solution and requires additional measures for removal. 
The use of EDTA showed negative effects on culturability of drinking-water biofilm cells as 
well as subsequent analyses. The culturability of biofilm cells decreased in the present study 
by two orders of magnitude, which may indicate stress imposed on cells. Chelation of cations 
by EDTA has been shown to cause disordering of the cell membrane of some 
microorganisms, dissociating proteins and phospholipids, and releasing LPS from the outer 
membrane of Gram-negative bacteria (Matsushita et al., 1978; Knirel et al., 1990). 
Therefore, cell lysis during EPS isolation from drinking-water biofilms by EDTA was likely 
promoted. Interference of EDTA with the Lowry assay has been documented by several 
authors, including Neurath (1966) or Peterson (1979). They described an increase in colour 
intensity due to reduction of the phosphomolybdate in the Folin-Ciocalteu’s phenol reagent 
caused by EDTA. In the present study, as soon as the Folin-Ciocalteu’s phenol reagent was 
added, a precipitate formed, which caused a strong increase in absorbance. Dialysis of EPS 
solutions was applied to remove EDTA and other low molecular weight substances from the 
samples. Results of the present study indicated that dialysis was insufficient to entirely 
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eliminate EDTA from the samples, as protein determination in the EPS solutions showed 
significantly higher concentrations compared to those determined for the biofilm 
suspensions. EDTA can form complexes with EPS polymers (Liu and Fang, 2002; D’Abzac et 
al., 2010). Therefore, it is likely that EDTA remained in the sample, and continued to cause 
interference even after sample clean-up by dialysis. Dialysis of EPS solutions containing EDTA 
had a further detrimental effect. A 2 fold increase in sample volume and, therefore, a 
likewise dilution of the EPS solution was observed during dialysis. Such dilution of samples 
can cause inaccuracy in measurements, especially in case of protein concentrations close to 
the limit of detection. Neurath (1966) showed that addition of CaCl2 in equimolar 
concentrations to EDTA to the sample, for the most part, eliminates the interference caused 
by EDTA. Addition of CaCl2 results in formation of CaEDTA complexes, and thus reduces the 
detrimental effect of EDTA. This effect was confirmed in the present study, using BSA 
solutions as reference (results not shown). However, additional manipulation and dilution of 
the sample by addition of CaCl2 solution decreases the accuracy of subsequent 
measurements. Analysis of EPS-proteins isolated by EDTA by 2DE proved to be impossible 
without additional clean-up steps. EDTA itself in concentrations as applied in this study (1 % 
w/v) or EDTA-EPS complexes could have clogged the pores of the IEF gel. Alternatively, DNA, 
which is known to interfere with IEF by increasing the viscosity of the sample and by clogging 
the pores of the IEF gel, could have been insufficiently digested during EPS clean-up, due to 
the presence of EDTA. EDTA is commonly used for the inactivation of nucleases by chelating 
Mg2+ ions necessary for the functionality of these enzymes. Therefore, it is possible that the 
DNA present in the EDTA-isolated EPS was not or only partially digested and caused the 
interferences during IEF.  
 
- Heat - 
Heat treatment of biofilm samples at 70 °C to isolate EPS yielded the highest concentrations 
of isolated polymers without any apparent disturbances on the protein, carbohydrate and 
DNA assays or 2DE. However, culturability of biofilm cells decreased below the limit of 
detection. Therefore, it is assumed that cell lysis occurred, which contaminated the EPS with 
intracellular material, leading to increased polymer concentrations within the EPS. Cell lysis 
by heat treatment was also suspected in studies by D’Abzac et al. (2010), who applied heat 
Discussion 
 
157 
 
treatment at 80 °C for EPS isolation from activated sludge. Furthermore, denaturation of EPS 
components at a temperature of 70 °C is likely to occur (Karapanagiotis et al., 1989; Comte 
et al., 2006a; D’Abzac et al., 2010). Hence, biochemical characterization of polymers, in 
particular enzymes, can be inhibited.  
 
- Cell lysis -  
Cell lysis induced by the EPS isolation procedure has to be kept at a minimum, as increased 
lysis rates result in higher amounts of intracellular polymers than would be present in the 
native biofilm, and therefore, would lead to misinterpretations of EPS analysis. Cell lysis 
induced by the EPS isolation methods has often been disregarded in literature (Tab. 1.2), 
probably due to the difficulty of its detection. Nevertheless, cell lysis caused by EPS isolation 
treatment needs to be minimized, if not completely excluded, to be able to reliably evaluate 
efficiency of EPS isolation methods. Common indicators for cell lysis applied in studies 
included increased DNA or protein content (Brown and Lester, 1980), KDO (Platt et al., 
1985), activity of the strictly intracellular enzyme G6PDH (Platt et al., 1985), 
protein/polysaccharide ratio (Karapanagiotis et al., 1989), culturability (Jahn and Nielsen, 
1995) or membrane integrity (Wu and Xi, 2009). However, each of these methods has 
weaknesses. Increased DNA or protein contents, or protein/polysaccharide ratios caused by 
the EPS isolation method are unsatisfactory markers for cell lysis, as these polymers 
constitute the EPS matrix and have been shown to be released in varying amounts, based on 
the different selectivity of EPS isolation methods towards EPS polymers (Park and Novak, 
2007). KDO is a constituent of lipopolysaccharides bound to the outer membrane of Gram-
negative bacteria (Karkhanis et al., 1978). Increased presence of KDO after EPS isolation 
indicates shedding of the outer membrane due to the isolation procedure (Matsushita et al., 
1978), however, cells do not necessarily have to be lysed and could recover from the 
isolation treatment. Furthermore, KDO needs to be present in sufficient concentrations to be 
able to detect outer membrane damage. This was not the case in the current study for 
drinking-water biofilm cells. G6PDH are strictly intracellular enzymes involved in glucose 
metabolism (Ng and Dawes, 1973), therefore, increased activity of G6PDH in the EPS after 
isolation treatment would indicate cell lysis. Presence of G6PDH within drinking-water 
biofilm cells was confirmed in this study. However, G6PDH activity in the EPS isolated by 
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shaking or CER treatment was not detected, indicating no cell lysis induced by both methods. 
Determination of G6PDH activity in EPS isolated by formaldehyde/NaOH, EDTA or heat was 
not attempted. The reason was, the high pH value during NaOH or EDTA isolation, as well as 
prolonged exposure to high temperatures, as was the case during heat isolation, can 
denature enzymes, and thus, inactivate them. EDTA can, furthermore, complex cations, such 
as Mg2+, necessary for the functionality of the enzymes, decreasing their activity. Hence, 
activity of G6PDH cannot be applied as reliable indicator of cell lysis for these isolation 
methods. Culturability of cells after EPS isolation treatment can be applied as measure to 
assess viability of cells after EPS isolation procedures (Jahn and Nielsen, 1995; Sesay et al., 
2006). Decrease of culturability does not necessarily indicate cell lysis, as cells could for 
example enter the VBNC state due to the treatment. However, decreased culturability 
suggests stress on biofilm cells imposed by the EPS isolation method, which in the worst case 
may result in lysis. The Live/Dead BacLight bacterial viability kit allows for discrimination 
between cells with intact cell membranes and cells with compromised membranes, based on 
the penetration of the membrane impermeable propidium iodide into the cell and its 
displacement of the counterstain Syto 9 (Ben-Amor et al., 2005). However, difficulties in 
application, in particular for multi-species biofilms, have been described (Lawrence et al., 
1996; Barbesti et al., 2000; Hannig et al., 2010). Concentrations of the dyes need to be 
adjusted to the sample, as propidium iodide applied in too high concentrations may enter 
cells regardless of an intact membrane (Barbesti et al., 2000; Stocks, 2004; Berney et al., 
2007). The appropriate concentrations may vary greatly between species, hence, application 
for multi-species samples can be problematic. Furthermore, lysed cells, which have released 
their entire cytoplasmic components, would remain undetected. The use of propidium 
monoazide has been shown to provide more reliable results for the distinction between live 
and dead cells compared to propidium iodide (Nocker et al., 2007). This stain, however, has 
not yet been applied for determination of cell damage caused by EPS isolation methods. The 
variety of methods for the analysis of cell damage and their limitations reflect the difficulty 
to reliably detect cell lysis induced by EPS isolation methods. Thus, application of several 
methods for determination of cell integrity after EPS isolation is suggested. 
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Table 5.1: Advantages and disadvantages of EPS isolation methods for the analysis of EPS from drinking-water 
biofilms. 
Method for EPS isolation Advantages Disadvantages 
Shaking 
+ no cell lysis 
+ no interference with analytical 
methods 
+ no use of toxic chemicals 
- isolation of soluble EPS only 
CER 
+ increased EPS isolation yields 
compared to shaking 
+ short durations for EPS isolation 
+ physical and chemical destabilization 
of EPS 
+ no cell lysis 
+ easily and completely removed from 
sample 
+ no interference with analytical 
methods 
+ no use of toxic chemicals 
- potential shedding of outer 
membrane components 
Formaldehyde/NaOH 
+ increased EPS isolation yields 
compared to shaking 
- potential cell lysis 
- interference with analytical methods 
- inaccuracy of quantification of EPS 
components 
- dilution of sample 
- dialysis is essential 
- chemical reactions with EPS 
components 
- denaturation or hydrolysis of EPS 
components 
- time-consuming 
- use of toxic chemicals 
EDTA 
+ increased EPS isolation yields 
compared to shaking 
- potential cell lysis 
- interference with analytical methods 
- inaccuracy of quantification of EPS 
components 
- dilution of sample 
- poorly removed by dialysis 
- chemical reactions with EPS 
components 
- complexation of metal ions required 
by certain enzymes 
- time-consuming 
Heat 
+ increased EPS isolation yields 
+ no interference with analytical 
methods 
+ no use of toxic chemicals 
- cell lysis 
- denaturation or hydrolysis of EPS 
components 
 
Chemicals applied for EPS isolation interfered with EPS analysis as well as culturability of 
biofilm cells. Despite numerous studies dealing with EPS isolation from various types of 
biofilms, effects of chemical agents applied for EPS isolation on the biochemistry of the EPS 
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constituents, as well as interferences with subsequent analytical methods have been 
considered by only few authors, in particular Comte et al., (2006a,b) and D’Abzac et al. 
(2010). Results of the current study showed that EPS isolation should always be selected and 
adjusted according to the sample type as well as the objective of a study, considering its 
effects on the biochemistry of polymers and applied biochemical analyses. The optimized 
CER isolation proved to be the most suitable procedure for the isolation of EPS from 
drinking-water biofilms, yielding increased amounts of EPS components without detrimental 
impact on biofilm cells or subsequent analyses. This method was, therefore, applied for 
further analysis of EPS from drinking-water biofilms. 
 
5.2 Drinking-water biofilm formation on the elastomer EPDM 
Established drinking-water biofilms have been extensively studied in real drinking water 
distribution systems, and in a low number of studies also in domestic plumbing systems, in 
terms of total cell count, culturability, or population diversity. However, the composition of 
the EPS matrix of drinking-water biofilms and the dynamics of EPS components throughout 
the different stages of biofilm formation has not been addressed so far. In this study the 
established methods for biofilm cultivation, EPS isolation, and analysis were applied to 
investigate the progress of drinking-water biofilm formation on EPDM over a period of 28 d 
in two independent plumbing systems. Twice per week biofilms were sampled and analyzed 
by microbiological, biochemical and molecular biological methods.  
 
5.2.1 Colonization of EPDM by drinking water microorganisms 
The EPDM rubber used in the present study was found to be an adequate material for 
microbial colonization and development of drinking-water biofilms. The exposure of EPDM 
coupons in biofilm reactors to a continuous flow-through of drinking water resulted in 
macroscopically visible biofilms. The main colonization on the elastomeric material occurred 
within the first week of cultivation. Within 11 to 14 d of cultivation biofilm growth reached a 
quasi-stationary state in which the total cell number remained relatively constant between  
1 x 108 and 3.3 x 108 cells cm-2 at plumbing system A, or between 4.1 x 108 cells cm-2 and  
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5.1 x 108 cells cm-2 at plumbing system C. This state may be attributed to the shear imposed 
by the drinking-water flow, or grazing protozoa controlling cell densities in the biofilms 
(Pedersen, 1990; Kalmbach et al., 1997). Culturability of drinking-water biofilm cells was 
relatively high and ranged between 7.4 % to 43.6 % of the total cell count. Cell density and 
proportion of culturable microorganisms revealed similar orders of magnitude to those 
determined by Kilb et al. (2003) in biofilms grown on EPDM-coated valves in real drinking 
water distribution systems, but slightly lower values compared to results by Bressler et al. 
(2009), who used a similar experimental system and type of EPDM for the cultivation of 
drinking-water biofilms as applied in the current study. In contrast to an EPDM, which meets 
microbiological recommendations according to DVGW Code of Practice W270, and which 
was applied by Moritz et al. (2010) in a similar experimental system, one order of magnitude 
higher total cell counts were obtained in the present study in 14 d-old drinking-water 
biofilms. Compared to findings by Wingender and Flemming (2004), who investigated the 
colonization of steel, copper, polyethylene an polyvinyl chloride coupons exposed to 
drinking water over a period of 12 to 18 months, total cell counts in the current study were 1 
to 2 orders of magnitude higher, while culturability was 2 to 3 orders of magnitude higher. 
The differences were even more evident when comparing the results obtained in this study 
to those determined for 2 to 99 year old pipe sections from various German drinking-water 
networks with established biofilms. These pipe sections revealed total cell numbers between 
4 x 105 and 2 x 108 cells cm-2 and an HPC in the range of 101 to 2 x 105 cfu cm-2 (Wingender 
and Flemming, 2004).  
Comparative studies of different types of plumbing materials showed, that elastomeric 
materials such as EPDM always resulted in the most extensive development of biofilms with 
relatively high proportions of culturable cells (Rogers et al., 1994; Moritz et al., 2010; Waines 
et al., 2011). The high accumulation of cells found in this study and in afore mentioned 
comparative studies is an indication for a high availability of nutrients within the biofilms, 
which can be attributed to leaching of biodegradable substances from the EPDM rubber 
material. Rogers et al. (1994) demonstrated that elastomeric materials such as latex or 
ethylene-propylene tend to release considerable amounts of organic carbon into the water 
phase when exposed to water, which can support excessive biofilm growth. Typical 
formulations of EPDM rubbers include filler, pigments, plasticizer, curing agents and 
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additives. If these substances are biodegradable (e.g. plasticizers such as phthalates) biofilm 
growth may be promoted (Rogers et al., 1994). Another indication for a rather elevated 
organic load is the high ratio of HPC to total cell counts. A low proportion of HPC in relation 
to total cell count is typical for drinking water distribution systems and was shown to range 
between 0.0004 % to 3.5 % on 2 to 99 year old pipes (Wingender and Flemming, 2004). The 
current study showed significantly higher proportions between 7.4 % and 43.6 %, which was 
similar to findings by Kilb et al. (2003) for biofilms on EPDM rubber-coated valves, as well as 
Bressler et al. (2009) for biofilms on the same EPDM material as applied in the current study, 
and Moritz et al. (2010) for biofilm on EPDM meeting microbiological requirements for use 
in the drinking water sector.  
 
5.2.2 Dynamics of population diversity of drinking-water biofilms 
Population diversity of drinking-water biofilms grown on EPDM was analyzed by DGGE of 
PCR-amplified 16S rDNA fragments and monitored throughout cultivation periods of up to 
28 d. DGGE analysis revealed a high diversity of microorganisms present in drinking-water 
biofilms, showing a maximum of 66 bands for biofilms cultivated at plumbing system A, and 
45 bands for biofilms cultivated at plumbing system C, each band ideally representing one 
bacterial species. Similar diversity was obtained by Bressler et al. (2009), detecting 68 bands 
in drinking-water biofilms cultivated for 14 d on a similar formulation of EPDM and 
experimental setup. Initial colonization of the EPDM coupons was shown to be attributed to 
a small number of organisms, the bands of which were detected in the biofilms in varying 
intensities throughout the experimental run. The most significant increase in microbial 
diversity occurred within the first 7 d and from then on remained relatively uniform 
throughout the experimental run, which was reflected by a high similarity of 70 % to 93 %. 
The dynamics of population diversity in drinking-water biofilms has been investigated only in 
a small number of studies in literature. Similar results to those described in the current study 
have been presented by Deines et al. (2010) for drinking-water biofilms cultivated for up to 
11 d on polyethylene in a pilot-scale drinking water distribution system. Deines et al. (2010) 
detected one species colonizing the surface of their model distribution system immediately 
after its exposure to drinking water, which persisted in the biofilms throughout the 
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experimental period. In their study the most significant increase in population diversity 
occurred within the first 3 days. From then on population diversity remained relatively 
constant showing similarities of DGGE band patterns of > 70 %, indicating low variation of 
microbial composition of drinking-water biofilms with time. However, the similarity 
coefficients calculated in the study by Deines et al. (2010), as well as in the present study 
only consider presence or absence of bands, while variations of band intensity are not 
regarded. Slight variations of band intensities of a number of bands were detected in both 
studies in the progress of biofilm growth, demonstrating minor, but noticeable changes of 
composition of drinking-water biofilm populations. Lee et al. (2005) on the other hand found 
relatively low similarity of DGGE band patterns, of drinking-water biofilms cultivated on 
galvanized iron wafer in a model drinking-water distribution system connected to a 
laboratory tap. However, their DGGE profiles indicated relatively low population diversity, 
showing a maximum of 11 bands. This may be attributed to the lower amount of PCR 
product (approximately 200 ng) applied on the gels compared to the amount applied in the 
present study (500 ng), or to the staining by ethidium bromide, which is generally less 
sensitive compared to SybrGold applied here. Considerable changes in the composition of 
bacterial biofilm populations have been shown in studies performed by Kalmbach et al. 
(1997) on drinking-water biofilms cultivated on glass or polyethylene slides in a Robbins 
device connected to domestic water distribution systems, using α-, ß- or γ-Proteobacteria 
specific FISH probes. Their analysis of the distribution of the different classes of 
Proteobacteria displayed fluctuations of abundance as well as dominance of certain groups 
with increasing drinking-water biofilm age. Results of the current study indicate that during 
the initial stages of biofilm formation of 5 d to 7 d a population composition is establishing. 
Established drinking-water biofilms exhibit a stable composition of microbial communities 
with only minor changes during biofilm maintenance. Hence, considering real drinking water 
systems, the period directly after installation of materials into a drinking water system and 
startup of operation is the most dynamic and amenable in respect to population diversity 
during the formation of drinking-water biofilms. 
 
Discussion 
 
164 
 
5.2.3 Biochemical composition of drinking-water biofilms 
The biochemical composition of drinking-water biofilms and their EPS and the progress of 
polymer formation throughout cultivation periods of up to 28 d at plumbing system A and 
plumbing system C were quantitatively and qualitatively analyzed. Despite the 
misconception in early biofilm studies that polysaccharides make up the entire extracellular 
matrix, more recent studies, mostly dealing with activated sludge, have identified proteins as 
major components of the EPS (Jahn and Nielsen, 1995; Frølund et al., 1996). The present 
study shows that proteins are the dominant polymers within the total biofilm as well as the 
EPS matrix, which was irrespective of biofilm age, followed by polysaccharides. eDNA, which 
is considered to have structural functions within the biofilm matrix (Whitchurch et al., 2002; 
Böckelmann et al., 2006), was also present in considerable amounts in the EPS of drinking-
water biofilms. The overall protein content calculated per surface area increased 
continuously throughout the cultivation period in biofilms cultivated at plumbing system A 
as well as plumbing system C. However, protein amounts considered per cell showed an 
altered development. During the initial stages of biofilm formation protein contents 
decreased until day 14 to 21 of cultivation. Once biofilms reached 14 d to 21 d of age protein 
contents per cell increased again until the end of the experimental run. Carbohydrates 
demonstrated different developments, depending on the drinking water source. 
Carbohydrates of drinking-water biofilms cultivated at plumbing system A revealed a similar 
progress throughout the cultivation period as was described for proteins. On the other hand, 
carbohydrate concentrations of drinking-water biofilms cultivated at plumbing system C 
remained constant once the biofilms reached 14 d of age. Furthermore, carbohydrate 
concentrations from plumbing system C biofilms calculated per cell showed no further 
increase, unlike protein concentrations per cell in biofilms > 14 d of age. DNA concentrations 
also showed constant concentrations once biofilms reached 11 d (plumbing system C) or  
21 d (plumbing system A) of age. This may either indicate a production stop of 
carbohydrates and eDNA, once a mature biofilm was established, or an equilibrium between 
production of carbohydrates and eDNA, and their degradation by hydrolytic enzymes, 
expressed in higher quantities with increasing biofilm age. Furthermore, Whitchurch et al. 
(2002) demonstrated, that eDNA is of major importance during the initial stages of  
P. aeruginosa biofilm formation. The high eDNA concentrations per cell in the EPS during the 
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initial stages of biofilm formation in the present study may also imply such a profound role 
of eDNA for young biofilms. However, the role of eDNA requires further investigations.  
Analysis of extracellular proteins in this study was performed by use of 2DE in order to 
qualitatively analyze changes in the extracellular protein diversity throughout the cultivation 
of drinking-water biofilms. Similarly to the increase in overall EPS protein concentration 
throughout the cultivation run, also the diversity of EPS proteins increased for the initial 11 d 
to 14 d. Further cultivation of biofilms, however, resulted in a significant decrease of the 
diversity of proteins. The amount of proteins with high molecular weights, as well as those 
with high pI disappeared with increasing biofilm age. This may indicate degradation and 
turnover of proteins by proteases in situ or in the course of EPS isolation and clean-up. To 
exclude degradation of proteins in the course of EPS isolation, a protease inhibitor cocktail 
was added to drinking-water biofilms cultivated at plumbing system C immediately after 
harvesting of biofilms from the coupons. This cocktail was chosen as it inhibits the action of a 
variety of proteolytic enzymes, including serine, cysteine, aspartic and metalloproteases, as 
well as aminopeptidases. However, this phenomenon was still observed after addition of the 
protease inhibitor cocktail, indicating increased production of proteases once biofilms 
reached an age of 14 d, degrading proteins within the established biofilm.  
Increased production of proteases in drinking-water biofilms > 11 d of age was confirmed by 
gel electrophoresis of total biofilm as well as EPS samples on zymogram gels. The gels 
contained gelatin as substrate, which was not degraded during the initial stages of biofilm 
formation. However, once biofilms reached 11 d of age, activity bands in the zymogram gels 
appeared, indicating gelatin degradation by proteases. The diversity of activity bands on the 
zymogram gels increased with increasing biofilm age, showing a maximum of 13 distinct 
bands for the total biofilm sample and 9 bands in the EPS after 28 d of cultivation.  
 
To demonstrate and quantify expression of cell-associated as well as extracellular enzymes 
during the formation of drinking-water biofilms, activities of seven further groups of 
enzymes were analyzed. A microtitre plate assay was designed in the present study to be 
able to analyze all seven enzymes groups at once (Fig. 3.4). The enzyme groups included 
peptidases, α-D-glucosidases, ß-D-glucosidases, N-acetyl-ß-D-glucosaminidases, lipases, 
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esterases, and phosphatases, all of which belong to the class of hydrolases (Wingender and 
Jaeger, 2002). These groups represent enzymes commonly detected in naturally occurring 
biofilms, as well as biofilms in technical systems (Tab. 1.1), and are involved in the 
degradation of macromolecules, such as polysaccharides, proteins, DNA or lipids, into low 
molecular weight substances. Activities of all enzyme groups were detected in all fractions of 
drinking-water biofilms, including the total biofilm, biofilm cells after EPS isolation, as well as 
in the EPS. The following order in turnover rates was determined: esterases > lipases > 
phosphatases ≥ N-acetyl-ß-D-glucosaminidases > peptidases ≥ α-/ß-glucosidases. A similar 
hierarchy was determined by Emtiazi et al. (2004) for esterases, peptidases and glucosidases 
in drinking-water biofilms cultivated at different location in a drinking water distribution 
system. Results of their study showed approximately 10 fold higher esterase activity than 
peptidase activity in their biofilms (Emtiazi et al., 2004). In the present study the difference 
between these two enzyme groups was even more pronounced, showing a three orders of 
magnitude higher esterase activity than peptidase activity. High enzymatic activities can 
indicate a high availability of substrates (Emtiazi et al., 2004). Naturally occurring substrates 
for esterases are for example lipidic compounds, such as short-chain fatty acids. The 
significantly higher difference between esterase and peptidase activity in this study 
compared to results by Emtiazi et al. (2004), however, may indicate an additional source for 
esterases substrates, such as compounds leaching from the substratum used for biofilm 
cultivation. In contrast to the stainless steel substratum applied by Emtiazi et al. (2004), the 
EPDM material used in the current study is known to release considerable amounts of TOC. 
This can for example include plasticizers, which are applied as additives for elastomers like 
EPDM to alter physical and mechanical properties of the material (Webb et al., 2000). 
Commonly applied plasticizers for elastomeric materials in the drinking water sector belong 
to the class of organic esters, in particular bis(2-ethylhexyl) adipate, which is an ester of 
diethylhexanol and adipidic acid, or phthalates, which are composed of phthalic acid and 
saturated C-8 (octyl) to C-10 (decyl) alcohols (Umweltbundesamt, 2011). Due to their 
structure, organic ester-based plasticizers represent potential substrates for esterases, and 
have been shown to be degraded by extracellular esterases produced by bacteria or fungi 
(Pantke, 1996; Flemming, 1998; Webb et al., 2000). Hence, the high esterase activity in this 
study may be attributed to the high abundance of organic ester-based plasticizers, leached 
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from the EPDM and accumulated in the EPS matrix, which can be extracellularly degraded to 
aid in their utilization as carbon sources. 
Such a pronounced activity in comparison to activities of other enzyme groups has also been 
described for different environmental biofilms other than drinking-water biofilms, for 
example activated sludge (Frølund et al., 1995), littoral sediments (Boschker and 
Cappenbert, 1998) and soil (Vepsäläinen et al., 2004). However, susceptibility of the esterase 
substrate MUF-butyrate applied in this study to enzymatic hydrolysis has been 
demonstrated for enzymes other than esterases (Krisch, 1971; Jones and Lock, 1989). 
Though contributions of enzymes other than esterases are generally low (Krisch, 1971), 
Jones and Lock (1989) proposed that degradation of MUF-butyrate should be considered an 
estimate of a general hydrolytic activity.  
Lipases, which catalyze the cleavage of fatty acids, exhibited second highest activities of all 
fractions of drinking-water biofilms and indicate high potential for lipid turnover. Activities 
of phosphatases, which remove phosphate groups from phosphorylated organic substances, 
and N-acetyl-ß-D-glucosaminidases, which are involved in decomposition of peptidoglycan 
and chitin, were significantly lower compared to esterase and lipase activity. Peptidases, 
which break up peptide bonds, and α- or ß-D-glucosidases, which cleave glycosidic bonds of 
oligosaccharides, were lowest, demonstrating relatively low protein or carbohydrate 
turnover. The presence of hydrolytic activities of the different groups of enzymes in this 
study indicated the potential of drinking-water biofilms to degrade wide a variety of 
polymers.  
The progress of enzymatic activity throughout biofilm cultivation of up to 28 d varied 
between the enzyme groups. Lipases, esterases and phosphatases exhibited a rather 
continuous increase of activity throughout the cultivation period. Peptidases,  
α-D-glucosidases, ß-D-glucosidases and N-acetyl-ß-D-glucosaminidases on the other hand, 
revealed an initial “lag phase” for 11 d to 18 d of biofilm age, followed by an “exponential 
phase” until the end of the experimental run. This progression becomes even more apparent 
considering the specific activities of the EPS fraction, indicating a more pronounced increase 
in the production of extracellular matrix enzymes compared to cell-associated enzymes. A 
similar progress of total biofilm enzymatic activity was described by Riemann et al. (2000) for 
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leucine-aminopeptidase and ß-glucosidase activity of seawater microorganisms during an 
algal bloom cultivated for up to 15 d. Lehman and O’Connell (2002) described an 
“exponential” increase of extracellular ß-glucosidase activity for free-living and attached 
groundwater organisms after 20 to 40 hours of perfusion of sand-packed columns with 
groundwater. Romani et al. (2008) determined dynamics of leucine-aminopeptidase,  
ß-glucosidase, and ß-glucosaminidase activities in freshwater biofilms cultivated for up to 50 
d, as well as in EPS isolated from these biofilms by CER. Their study revealed the most 
significant increase in total enzymatic activity once the biofilm growth reached a quasi-
stationary state of biomass after approximately 30 d of biofilm age. However, unlike the 
“exponential” increase of activity in the EPS presented in the current study, extracellular 
enzymatic activity measurements in their study revealed constant activities throughout the 
cultivation period (Romani et al., 2008). The increase of peptidase, α-D-glucosidase,  
ß-D-glucosidase and N-acetyl-ß-D-glucosaminidase activities once the biofilms reached 11 d 
to 18 d of age in this study coincided with the increase in abundance of proteases, 
stagnation of carbohydrate and DNA concentrations, increase of total protein quantities per 
cell, decrease of diversity of proteins on 2D gels, and the quasi-stationary state of total cell 
numbers. This may indicate changes in gene expression in the course of biofilm maturation 
towards production of biofilm specific proteins once a mature biofilm has formed. Such 
changes were for example described by Sauer and Camper (2001) and Sauer et al. (2002) for 
P. putida and P. aeruginosa biofilms, respectively, investigating production of intracellular 
proteins of planktonic cells and biofilms at different stages of maturation. Both studies 
demonstrated global changes in gene expression of biofilm cells compared to their 
planktonic counterparts during the formation of biofilms, in respect to motility, 
polysaccharide production and quorum sensing (Sauer and Camper, 2001; Sauer et al., 
2002). In the current study modifications in gene expression may be reflected in the 
extracellular protein concentrations, in particular the concentrations of hydrolytic enzymes, 
which indicate an expansion of the degradation potential and substrate utilization, and 
potential changes in the metabolism of biofilm cells. Metabolism during the initial stages of 
drinking-water biofilm formation could be based on the preferential consumption of 
products leached from the EPDM substratum. Once a mature biofilm has formed changes in 
gene expression towards biofilm specific metabolism could have occurred, resulting in the 
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establishment of an extracellular digestive system of enzymes specific for the turnover of 
biomass, in particular the metabolism of proteins, carbohydrates or cellular components. 
The results of this study, therefore, indicate the EPS matrix’ metabolic potential and signify 
the importance of the EPS matrix as extracellular digestive system, predigesting various 
substrates into low molecular weight matter, which in turn can be readily utilized by biofilm 
organisms. 
 
5.3 Influence of upstream plumbing materials on drinking-water biofilms  
Characteristics of drinking water have substantial influence on the development of a 
drinking-water biofilm. Besides temperature and pH, which are in general major factors 
determining biofilm growth, the chemical composition of drinking water has a direct impact 
on microorganisms in the planktonic or sessile state. The composition may vary depending 
on the materials implemented in a drinking water installation, due to the deterioration of 
the material when exposed to drinking water and release of components, such as metal ions 
in case of metallic materials or organic substances in case of plastic materials, into the water 
phase. The deterioration can be facilitated by biofilms, in terms of microbially influenced 
corrosion (Emde et al., 1992). This release can substantially alter water composition, 
resulting in a different drinking water reaching the consumer’s tap compared to the drinking 
water leaving the water works (Pepper et al., 2004; Flemming et al., 2012). Investigations of 
drinking-water biofilms in literature are mainly focused on biofilm formation in drinking 
water distribution systems, while those dealing with drinking-water biofilms encountered in 
domestic plumbing systems are underrepresented (Eboigbodin et al., 2008). Major 
differences may occur once the water passes the water meter of a public or private building 
and enters the plumbing system. Higher water temperatures caused by the pipe’s passage of 
heated rooms, or altered hydrodynamic conditions, i.e. points of stagnation, can be 
encountered in plumbing systems. Also, the materials used for plumbing systems can differ 
from those used in drinking water distribution systems (Flemming et al., 2012). Copper is the 
by far most widely applied material in domestic plumbing systems in Germany (Elfström 
Broo et al., 2001; Kistemann et al., 2010; Fig. 5.1), due to its wide range of applicability, its 
simple processibility, its resilence and its resistance towards corrosion (German Copper 
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Institute, 2010). Furthermore, antimicrobial properties against pathogenic and antibiotic 
resistant bacteria have been attributed to copper (Domek et al., 1984; Landeen et al., 1989; 
Artz and Killham, 2002; Wilks et al., 2005; Noyce et al., 2006; Elguindi et al., 2011). However, 
recent studies have demonstrated the susceptibility of copper materials to microbial 
colonization in drinking water systems (Moritz et al., 2010). 
 
 
 
 
 
 
 
 
 
Figure 5.10: Materials used in plumbing systems of public buildings in Germany (according to Kistemann et al., 
2010). 
 
In the present study, drinking-water biofilms were grown on EPDM for 14 d in biofilm 
reactors connected to three plumbing systems made of copper and two distribution 
systems, which were supplied with drinking water by three different water works. The 
drinking-water biofilms were microbiologically, molecular biologically and biochemically 
analyzed and compared. This allowed for determination of the variability of drinking-water 
biofilms cultivated in different drinking water distribution systems, as well as changes of the 
biofilm composition caused by plumbing systems made of copper. 
 
5.3.1  Variability of drinking-water biofilms cultivated on EPDM according to water 
characteristics and plumbing materials 
The influence of drinking water characteristics and plumbing systems on drinking-water 
biofilms cultivated on EPDM and their EPS composition was determined by comparison of 
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qualitative parameters, including microbial population and extracellular protein diversity, as 
well as quantitative sum parameters, including total biomass and water content, total cell 
count, HPC, and protein, carbohydrate and DNA contents after 14 d of biofilm growth. 
Drinking-water biofilms grown at the five different locations revealed similar total cell counts 
between 6.0 x 107 cells cm-2 and 2.8 x 108 cells cm-2, indicating a generally high degree of 
colonization of the EPDM substratum, irrespective of the water source. Further analyses 
showed relatively low similarities among the biofilms, in terms of population diversity, 
culturability or biochemical composition of the biofilms and their EPS. A unique pattern for 
the community composition of drinking-water biofilms was not observed. Population 
diversity showed significant differences among drinking-water biofilms according to their 
origin, which was reflected by similarities of 46 % to 63 %. This indicated pronounced 
variability of microbial composition within drinking-water biofilms. DGGE band patterns 
revealed merely three bands out of 26 to 52 in common in all drinking-water biofilms. Such 
variability has also been described by Emtiazi et al. (2004) investigating biofilm community 
composition of drinking-water biofilms cultivated at two house branch connections within a 
drinking water distribution system by DGGE and showing similarities of band patterns of  
45 % to 56 %. Differences in characteristics of the bulk water, in particular the water 
temperature and composition of inorganic substances, can strongly influence the microbial 
composition and formation of drinking-water biofilms (Roeder et al., 2010a). In the present 
study the most substantial difference was the water temperature, which varied significantly 
among locations. The water temperature at distribution system A was lowest (11.4 ± 0.9 °C), 
followed by plumbing system A (17.3 ± 2.9 °C), plumbing system B (19.0 ± 1.9 °C), 
distribution system B (19.1 ± 2.5 °C) and plumbing system C (22.0 ± 0.7 °C). Studies by 
Roeder et al. (2010a) on drinking-water biofilms cultivated at 12 °C and 37 °C on diverse 
plumbing materials including EPDM indicated significant changes of community composition 
caused by different water temperatures. Furthermore, higher similarities of populations 
cultivated on different materials at similar temperatures were obtained in their study, 
compared to similarities of populations grown on the same material but different 
temperatures (Roeder et al., 2010a). Hardness of the waters, which was mainly determined 
by the Ca concentration, showed significant differences between the water sources, being 
highest for drinking water from supplier A (Ca: 112 mg L-1), followed by drinking water from 
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supplier B (Ca: 50 mg L-1), and drinking water from supplier C (Ca: 38 mg L-1). The differences 
in water temperature and water hardness very likely favored different biofilm flora in the 
present study. A correlation between water temperature or hardness of the drinking waters 
and the biochemical composition of drinking-water biofilms and their EPS was not evident.  
Proteins, carbohydrates and DNA were detected in all drinking-water biofilms and in isolated 
EPS. Proteins represented the major component of all drinking-water biofilms and their EPS, 
followed by carbohydrates and DNA. This finding is in accordance to results by Kilb et al. 
(2003), who quantified proteins and carbohydrates in 5 weeks to 4 years old drinking-water 
biofilms grown on EPDM coated valves and their EPS isolated by stirring and centrifugation 
in 10 different drinking water distribution systems. Protein and carbohydrate concentrations 
in the total biofilm as well as in the EPS fraction in the present study were in the same range 
as determined by Kilb et al. (2003), who showed significant variation among locations of 
biofilm cultivation (total biofilm protein range: 20.9 to 281.1 µg cm-2; total biofilm 
carbohydrate range: 6.8 to 131.1 µg cm-2; EPS protein range: 1.2 to 12.9 µg cm-2; EPS 
carbohydrate range: 0.82 to 6.2 µg cm-2). Variations of the biochemical composition of the 
biofilms and their EPS in the present study were lower compared to those determined by 
Kilb et al. (2003). Their study, furthermore, showed protein : carbohydrate ratios of up to  
6.2 : 1 for the total biofilm and up to 3.4 : 1 for the EPS fraction (Kilb et al., 2003), which 
were similar to those determined in the present study. Results of the present study as well 
as of the study by Kilb et al. (2003) therefore indicate a strong variability of biochemical 
composition among drinking-water biofilms. Furthermore, both studies showed that 
drinking-water biofilms in general represent a type of biofilms, in which proteins constitute 
the most abundant component, irrespective of biofilm age or the type of drinking water.  
All drinking-water biofilms cultivated in the present study exhibited similar characteristics in 
respect to absorption and accumulation of considerable quantities of metal ions, in 
particular heavy metals, within the biofilm matrix. The alkaline earth metals Ca and Mg were 
accumulated to a minor degree within the biofilm compared to heavy metals. Maximally one 
order of magnitude higher concentration of Ca and Mg were found within the biofilms 
compared to the water phase. The heavy metals Fe, Cu, Zn, and Al, on the other hand, were 
enriched by 2 to more than 3 orders of magnitude in the biofilm. Biofilms have been shown 
to bind and concentrate heavy metals such as Cu, Zn or Cd from dilute aqueous solutions 
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(White and Gadd, 1998; 2000; Gadd, 2000; 2010). Processes such as ion exchange, chelation 
or complexation bind heavy metals and thus remove them from the water phase. These 
processes have been known and exploited for decades in biotechnology, in particular for 
metal removal in wastewater treatment. In the drinking water sector such processes can 
cause severe problems, due to the potential precipitation and incrustation of wells or within 
distribution pipes, obstructing the water flow, clogging pipes and offering microorganisms a 
protected environment with large and porous surfaces (Emde et al., 1992; Loewenthal et al., 
2004) 
The plumbing systems in this study, which in all cases were made of Cu, strongly influenced 
Cu concentrations in the drinking water. More than one order of magnitude higher Cu 
concentrations were detected in the drinking waters when collected from the plumbing 
system, compared to the drinking waters taken from the distribution systems, while all other 
determined inorganic substances remained unchanged. The increased Cu concentration in 
the water phase in drinking waters from plumbing systems in turn resulted in more than one 
magnitude higher Cu concentrations in the biofilms compared to those cultivated in the 
distribution system. Biofilms cultivated at distribution systems on the other hand exhibited 
higher Fe concentrations compared to their counterparts from plumbing systems. The 
results of this study indicated changes in biofilm and EPS composition attributed to the 
increased Cu content in drinking waters from the plumbing systems. Changes in population 
diversity can be attributed to the plumbing material and accumulation of Cu released from 
the material in the water phase and within the biofilm matrix, which can favor the growth of 
certain Cu tolerant microorganisms. Cu in concentrations as detected in drinking water at 
plumbing system C (0.14 ± 0.04 mg L-1), plumbing system A (0.067 ± 0.019 mg L-1) and 
plumbing system B (0.037 ± 0.001 mg L-1) can cause inhibitory or toxic effects for certain 
microorganisms (Thurman and Gerba, 1989; Straub et al., 1995; Artz and Killham, 2002; Kim 
et al., 2002; Teitzel and Parsek, 2003; Lehtola et al., 2004; Teitzel et al., 2006; Moritz et al., 
2010; Dwidjosiswojo et al., 2011). Hence, Cu materials used in plumbing systems can 
substantially alter the composition of and abundance among microbial populations within a 
drinking-water biofilm, by increasing Cu concentrations in the drinking water, and thus, 
inhibiting growth of Cu susceptible microorganisms, while favoring Cu tolerant species.  
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In the present study, the effect of Cu on drinking-water biofilms was further evidenced by 
determination of the culturability of biofilm cells on R2A medium. Cu can affect culturability 
of cells by disturbing metabolic functions, disrupting structure and function of proteins, 
displacing metal cofactors essential for proteins, or by formation of reactive oxygen species 
causing oxidative stress or cell damage, or inducing a VBNC state (Teitzel et al., 2006; Moritz 
et al., 2010; Dwidjosiswojo et al., 2011). Biofilms from plumbing systems contained 
considerably lower proportions of culturable cells (8.5 % to 15.3 % of the total cell count), 
compared to the proportions of culturable cells in biofilms from distribution system (46.8 % 
to 50.5 % of the total cell count). The biofilm wet weight also varied significantly despite 
similar total cell counts. Plumbing system A and B biofilms exhibited 3.2 fold and 2.1 fold 
higher biofilm wet weights, respectively, compared to their counterparts cultivated at the 
respective distribution system. Highest biofilm wet weight was observed for plumbing 
system C biofilms, which was also exposed to highest Cu concentrations in the drinking 
water. EPS, in particular hydrophilic polysaccharides and proteins, act hygroscopically 
attracting and retaining water from the environment (Roberson and Firestone, 1992; 
Flemming and Wingender, 2010). Exposure to high copper concentrations may have resulted 
in altered production of EPS with different characteristics in terms of water retention, which 
may explain higher water contents in plumbing system biofilms exposed to higher Cu 
contents. An upregulation of EPS production due to Cu stress has been demonstrated by 
Keith and Bender (1999) by means of increased alginate production in P. syringae exposed to 
elevated Cu concentrations. The yields of isolated EPS, in particular polysaccharides and 
proteins, varied considerably among biofilms. A decreasing trend of isolated EPS 
components with increasing Cu concentrations in the drinking waters was observed. Biofilms 
cultivated at plumbing system C, which contained highest concentrations of Cu, yielded 
relatively low proportions of extracellular carbohydrates (11.3 %) and proteins (4.5 %) 
isolated from the biofilm by CER treatment, followed by plumbing system A biofilms 
(carbohydrates: 18.8 %; proteins: 6.1 %). Biofilms cultivated at plumbing system B or 
distribution system B revealed relatively similar carbohydrate (33.8 % and 24.4 %, 
respectively) or protein (18.1 % and 16.0 %, respectively) yields, while recovery of 
carbohydrates (49.7 %) and proteins (34.6 %) from distribution system A biofilms was 
highest (Fig. 4.27). The influence of Cu on biofilm cells and EPS production can only be 
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speculated. The differences in EPS yields could for example indicate decreasing EPS 
component production with increasing Cu content, due to lower activity of cells, which 
would be contrary to results presented by Keith and Bender (1999). Alternatively, this may 
demonstrate production of EPS components tightly bound to biofilm cells, which are 
specifically produced to protect biofilm cells from Cu stress, and which are not readily 
isolable by the EPS isolation procedure using CER. A further explanation could be a potential 
complexation and immobilization of Cu by EPS constituents, rendering the EPS’ solubility and 
susceptibility to isolation by CER. 
Analysis of EPS proteins by 2DE in general displayed only a limited number of common 
proteins in the EPS of the five drinking-water biofilms. However, the analysis identified three 
clusters of proteins in common only in biofilms cultivated at plumbing systems, and 
consequently, exposed to higher concentrations of Cu, which were not found in biofilms 
cultivated at distribution systems. This included a protein with significant homology in MS-
spectra to a protein involved in the efflux apparatus of cells, i.e. a RND (resistance-
nodulation-cell division) family efflux transporter MFP (membrane fusion protein) subunit. 
Efflux systems are required by microorganisms for example to cope with elevated and 
potentially toxic concentrations of metals, by “flushing” the metals out of the cytoplasm and 
through the cell membrane into the environment (Nies and Silver, 1995). Efflux systems for 
the removal of Cu from the cytoplasm of cells have been described for various organisms, for 
example involving the Cu resistence operon (cop) of P. aeruginosa, or the plasmid-borne Cu 
resistance determinant (pco) in E. coli (Cooksey, 1994; Nies and Silver, 1995; Silver, 1996; 
Teitzel and Parsek, 2003). Up-regulation of genes encoding for transport system components 
under Cu stress has been demonstrated (Teitzel et al., 2006) and could play an important 
role for the resistance of drinking-water biofilm organisms to the encountered elevated 
copper concentrations in drinking waters and within drinking-water biofilms affected by Cu 
plumbing materials. A further protein exhibited significant homology of MS-spectrum to a 
two component response regulator or a two component LuxR family transcriptional 
regulator. Transcriptional regulators can activate or silence gene expression. In  
P. aeruginosa, for example, the two component transcriptional regulator AlgB is necessary 
for high-level production of alginate (Wozniak and Ohman, 1991). In P. syringae the 
response regulator AlgT (σ22) controls the activation of alginate production in response to 
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heat, osmotic stress or oxidative stress, as well as in response to Cu stress (Keith and Bender, 
1999). Such regulators may also be involved in Cu stress specific gene expression in drinking-
water biofilm cells cultivated in this study, to counteract detrimental effects of Cu. 
 These protein spot were not detected in the 2D gels of EPS proteins from drinking-water 
biofilms exposed to low Cu contents at the distribution system A or B. Presence of these 
proteins in biofilms grown at high Cu levels, therefore, may indicate the significance of these 
proteins as stress response to the elevated Cu concentrations and upregulation of certain 
genes for enhanced production of Cu stress specific cell components and EPS.  
 
5.3.2 Incorporation of hygienically relevant microorganisms into drinking-water biofilms 
The potential of drinking-water biofilms to accommodate hygienically relevant 
microorganisms has been demonstrated in several studies, indicating a potential threat for 
human health (Szewzyk et al., 2000; Flemming et al., 2002; Bressler et al., 2009; Moritz et al. 
2010). In the present study, drinking-water biofilms were cultivated at plumbing system C for 
14 d on EPDM and exposed to a pure culture of P. aeruginosa AdS in order to simulate a 
potential contamination with a hygienically relevant microorganism. The aim was to assess 
the influence of P. aeruginosa on the microbiological and biochemical composition of 
drinking-water biofilms and their EPS.  
Microbiological requirements for drinking water quality are based on cultivation on diverse 
media, aiming at the determination of indicator parameters, such as colony counts of 
heterotrophic microorganisms, or microbiological parameters, such as presence of 
culturable coliform bacteria, Escherichia coli, or enterococci, as well as the facultative 
pathogens P. aeruginosa or Legionella spec. within the water phase (TrinkwV, 2011). In the 
current study, presence of P. aeruginosa in drinking-water biofilms before and after the 
inoculation of the biofilm with the facultative pathogen was analyzed by determining colony 
formation on the P. aeruginosa-selective CN agar medium and by the culture-independent 
method FISH. The analysis of 14 d-old drinking-water biofilms by plating on CN agar or by 
FISH both revealed no presence of P. aeruginosa in native drinking-water biofilms prior to 
inoculation. The P. aeruginosa inoculum exhibited a culturability of 2.1 ± 0.7 x 106 cfu ml-1 on 
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CN agar prior to inoculation. Presence of P. aeruginosa in the biofilms after exposure of the 
biofilms to the P. aeruginosa inoculum was not detected culturally on CN agar. This was 
contrary to results obtained by FISH, which detected significant amounts of FISH-positive  
P. aeruginosa cell counts incorporated into the drinking-water biofilm (1.2 x 105 ± 5.9 x 104 
cells cm-2 24 h after inoculation; 2.6 x 105 ± 2.8 x 105 cells cm-2 7 d after inoculation). 
Cultivation methods in general have major weaknesses. Cultivation media are selective for 
certain microorganisms and, therefore, do not reflect the total population of a microbial 
community (Amann et al., 1995; Moritz et al., 2010; Wingender, 2011; Wingender and 
Flemming, 2011). Furthermore, the vast majority of microorganisms cannot be cultivated on 
standard media, and, more importantly, adverse environmental conditions may induce the 
transition of microorganisms into the VBNC state (Kalmbach et al., 1997; Oliver, 2005; 
Wingender, 2011). The FISH oligonucleotide probe applied in this study specifically targets 
intact 16S rRNA sequences, hence, can be applied to indicate viability of cells. However, 
presence of complementary rRNA sequences from dead P. aeruginosa or those from lysed 
bacteria retained in the EPS matrix cannot be excluded. Nevertheless, FISH results suggests a 
successful incorporation of P. aeruginosa AdS into drinking-water biofilms. The high 
discrepancy between culturability and FISH indicates possible transition of P. aeruginosa AdS 
into the VBNC state. These results are in accordance with Moritz et al. (2010). Even though 
in their study a proportion of culturable P. aeruginosa cells was observed, it was 
considerably lower compared to the detected FISH-positive cell counts (Moritz et al., 2010). 
Similar observations were described for L. pneumophila in drinking-water biofilms (Långmark 
et al., 2005; Lehtola et al., 2007; Gião et al., 2009; Moritz et al., 2010). This effect could be 
associated with the composition of the drinking water used for drinking-water biofilm 
growth. Exposure of P. aeruginosa AdS to the drinking water used for the cultivation of 
drinking-water biofilms resulted in a decrease of culturability by 5 orders of magnitude, even 
when the drinking water was diluted 5 fold in deionized water. The decrease in culturability 
could, to some extent, be correlated to the Cu concentrations in the drinking water. 
Incubation of P. aeruginosa AdS in Cu solutions prepared in 6 mM phosphate buffer (pH 7.0) 
with Cu concentrations of up to 4 µM showed unhindered culturability of P. aeruginosa for 
Cu ion concentrations of up to 0.6 µM. Increasing Cu ion concentrations of ≥ 0.8 µM caused 
a gradual decrease of culturability, resulting in 5 orders of magnitude lower colony counts 
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when exposed to 4 µM Cu solutions. Dwidjosiswojo et al. (2011) described a similar decrease 
of culturability of P. aeruginosa in response to incubation in different concentrations of Cu in 
deionized water, and a successful resuscitation of P. aeruginosa once Cu ions were 
complexed, and hence, rendered harmless. This indicates the transition of P. aeruginosa into 
the VBNC state as stress response to Cu. The transition into the VBNC state in response to 
exposure to elevated Cu concentrations has also been described for a variety of Gram-
negative bacteria, including Agrobacterium tumefaciens, Rhizobium leguminosarum 
(Alexander et al., 1999), Xanthomonas campestris pv. campestris (Ghezzi and Steck, 1999), 
Ralstonia solanacearum, E. coli (Grey and Steck, 2001a,b), Erwinia amylovora (Ordax et al., 
2006) and Xanthomonas axonopodis pv. citri (Del Campo et al., 2009). 5 fold diluted drinking 
water, which resulted in a decrease of culturability by 5 orders of magnitude in the present 
study, however, was equivalent to a Cu concentration of 0.44 µM, at which P. aeruginosa 
should be culturable. This indicates that Cu in drinking water was most likely only one of the 
causative agents inhibiting culturability of P. aeruginosa in this study. Free chlorine was not 
detected in the drinking water, hence, effects of chlorine would be minimal or absent. 
However, other heavy metals could aid in the transition of P. aeruginosa into the VBNC state 
in drinking water, which in sum could be present in concentrations affecting P. aeruginosa 
culturability. A potential candidate known for its toxicity is Zn, which could influence  
P. aeruginosa culturability in combination with Cu (Teitzel and Parsek, 2003). Results of this 
study, similarly to previous studies comparing culture dependent to culture independent 
methods, indicate that under unfavorable conditions, culture dependent methods may 
underestimate the presence of hygienically relevant microorganisms and, thus, potential risk 
to human health.  
The effect of a simulated contamination of drinking-water biofilms with P. aeruginosa on the 
biochemical composition of the biofilms was determined by analyzing EPS composition 24 h 
and 7 d after inoculation of the biofilms with P. aeruginosa AdS. The quantitative 
biochemical composition of total biofilms and the EPS showed only slight variations. Analysis 
of the extracellular proteome revealed a small number of differentially produced EPS 
proteins. Concluding, exposure of drinking-water biofilms to P. aeruginosa in order to 
simulate a contamination of drinking water with a hygienically relevant microorganism, 
showed no significant alterations to the community or biochemical composition of the 
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drinking-water biofilm. P. aeruginosa detected by FISH made up only 0.04 % to 0.05 % of the 
total cell counts and were probably too few to produce significant alteration to the 
established drinking-water biofilms. Slight variations could have been attributed by biofilm 
to biofilm alterations, rather than the influence of P. aeruginosa.  
The consequence of an incorporation of the facultative pathogen into drinking-water 
biofilms, regarding hygienical relevance and potential threat to human health, remains 
subject to speculation. The potential of P. aeruginosa to be incorporated into drinking-water 
biofilms and its persistence in the biofilm environment has been shown, however, the 
pathogen’s physiological state remains unknown. In the present study P. aeruginosa is 
assumed to be in a VBNC state when incorporated into drinking-water biofilms, due to toxic 
concentrations of heavy metals, in particular Cu, in the drinking water (Moritz et al., 
Dwidjosiswojo et al., 2011). The environmental conditions within a biofilm, however, are 
drastically altered compared to the water phase, and can be advantageous or 
disadvantageous to the pathogen. Biofilms in general are known to provide a safe haven for 
microorganisms, due to their protective functions (Hall-Stoodley et al., 2004). However, in 
this study drinking-water biofilms were shown to sequester and concentrate heavy metals 
within the biofilm matrix by several orders of magnitude compared to the water phase. 
Despite their potential complexation by EPS components or deposition as insoluble 
precipitates in the biofilm matrix, which could alter their toxicity (Gadd, 2010), their effects 
on P. aeruginosa within the biofilm matrix are unknown. Additionally, P. aeruginosa could 
encounter antagonistic microorganisms, which have been described in marine environments 
(Nithya et al., 2010; Rendueles and Ghigo, 2012), thus, increasing hostility of the biofilm 
environment for P. aeruginosa and decreasing its chances of survival. The question what 
happens, once incorporated P. aeruginosa are released from the biofilm into the bulk 
solution, remains to be investigated.  
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5.4 Identification and function of extracellular proteins in drinking-water 
biofilms 
Proteins in the EPS matrix are considered to have their major functions as enzymes, allowing 
for metabolic turnover of diverse substrates accumulated in the EPS matrix, or as structural 
components, providing mechanical stability to the biofilm (Wingender and Jaeger, 2002; 
Flemming and Wingender, 2010). Despite their profound role in the EPS matrix of biofilms, 
identification of extracellular proteins has been performed only in a small number of studies 
found in literature, dealing with pure culture biofilms. Identification of EPS proteins from 
drinking-water biofilms has never been attempted before. 
For identification and in order to elucidate the function of EPS proteins present in drinking-
water biofilms, EPS were isolated from the biofilms by use of CER and subjected to 
separation by 2DE and subsequent analysis by MALDI-TOF-MS. 2DE separates proteins 
according to their isoelectric point (pI) in the first dimension and by their molecular weight 
in the second dimension, and in an ideal case provides spot patterns with each spot 
corresponding to a single protein. The EPS of drinking-water biofilms required additional 
clean-up and optimization of the 2DE protocol in order to obtain distinct protein spots, 
which was achieved in this study.  
In the present study, identification of protein spots in most of the cases revealed significant 
similarity of MS-spectra to more than one protein. The 2DE gels produced for subsequent 
identification of proteins showed horizontal and vertical streaking, due to the increased 
amount of proteins (400 µg) applied for 2D separation and potential overloading of the IPG 
gels (Garfin and Heerdt, 2000). A high protein concentration was required for identification 
to ensure sufficient protein amount per protein spot. Consequentially, separation of proteins 
was not ideal and could have resulted in presence of multiple proteins per spot. 
Alternatively, MS-spectra of analyzed proteins may have close homology to a variety of 
proteins present in the database, resulting in multiple identifications for a single protein. 
Information on molecular weight and estimated pI were examined as potential means to 
validate protein identity. However, molecular weight and estimated pI of the identified 
proteins only in a few cases corresponded to the location of the proteins on the gels. In 
many cases molecular weight of identified protein was significantly higher compared to the 
Discussion 
 
181 
 
location on the 2DE gel. This could indicate that only subunits of these proteins or 
enzymatically degraded proteins were detected by 2DE. In some cases molecular weight of 
identified protein was lower compared to its location on the 2DE gel. This may be attributed 
to interactions of EPS components with proteins or their interference with 2DE. 
Polysaccharides and DNA are known to disturb isoelectric focusing by clogging the pores of 
the gels (Berkelman et al., 2000; Berkelman, 2008). Furthermore, EPS components can bind 
to or entangle proteins (Wloka et al., 2004; Berkelman et al., 2000; Berkelman 2008; 
Flemming and Wingender, 2010). The EPS solutions applied for 2DE in this study contained 
considerable amounts of polysaccharides and potentially lipids. Associations of proteins with 
other EPS components can influence the proteins’ mobility during 2DE and could have 
substantially altered molecular weight and pI of EPS proteins visualized by 2DE in this study. 
Consequentially, information on molecular weight and estimated pI could not be used as 
means to help in the validation of the identity of proteins. 
Allocation of proteins was predicted from their amino acid sequence. The majority of 
identified proteins were predicted as intracellular or cell membrane associated. The 
presence of intracellular proteins in the EPS may indicate lysis of cells in the course of biofilm 
formation. Cell death and consequential lysis of cells allows for release of intracellular 
material into the environment as response to environmental stress and is considered a 
necessary element during the formation of biofilms (Rice et al., 2007; O’Connell, 2007). 
Resulting discharge of intracellular proteins could have resulted in the retention and 
implementation of these proteins within the EPS matrix of drinking-water biofilms in the 
present study. Intracellular proteins have also been detected in the EPS of Bacillus subtilis 
biofilms (Hirose et al., 2000), further indicating that intracellular proteins are generally 
present in the EPS matrix. Cell lysis induced by the EPS isolation procedure by CER was not 
detected by means of culturability or determination of activity of the strictly intracellular 
enzyme G6PDH in the EPS. Contributions of intracellular proteins released due to CER 
treatment are, therefore, considered minimal. The presence of membrane associated 
proteins may also be attributed to lysis of cells in the course of biofilm development. 
Alternatively, production of membrane vesicles, which has been shown for a variety of 
Gram-negative bacteria (reviewed by Kuehn and Kesty, 2005) could contribute to the 
presence of outer membrane proteins in the EPS matrix. In the case of membrane-bound 
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proteins, in particular those located in the outer membrane, the EPS isolation treatment by 
CER needs to be considered. Membrane-bound proteins are exposed to the shear imposed 
by the CER treatment. Presence of membrane-associated proteins in the EPS might indicate 
their shedding from the outer membrane during EPS isolation by CER, with no noticeable 
effect on the cells’ viability. A total of 11 proteins present in the NCBI database, which were 
predicted to be localized extracellularly, exhibited significant homology of MS-spectra to 
proteins present in the EPS of drinking-water biofilms. 
Identification of EPS proteins from drinking-water biofilms indicated presence of proteins 
with diverse functions. The majority of proteins belonged to the functional classes involved 
in metabolism, regulation or transport. These functions have also been described for EPS 
proteins of pure culture biofilms of B. subtilis (Hirose et al., 2000; Antelmann et al., 2001),  
E. coli (Nandakumar et al., 2005) and P. aeruginosa (Nouvens et al., 2003; Kim et al., 2005; 
Waite et al., 2012). 
The identification results suggest presence of a variety of hydrolytic enzymes involved in 
metabolic functions, which are predicted to be cell-associated (e.g. spots no. 12, 18, 23, 26, 
34, 35), or extracellularly localized (e.g. spot no. 6). The identified enzymes belong to the 
enzyme groups proteases, peptidases, phosphatases, nucleases, kinases, or oxidoreductases. 
Potential metabolic capabilities of drinking-water biofilms have been discussed by 
Schmeisser et al. (2003), based on metagenome information obtained from drinking-water 
biofilms on rubber coated valves in a drinking water distribution system, who matched 
obtained gene sequences to known protein-coding sequences. Enzymatic activity 
measurements (Section 4.4.6) and EPS protein identification results of the present study 
further indicate the metabolic potential of drinking-water biofilms and, in particular, the EPS’ 
role as an external digestive system.  
Similarity of MS-spectra to response regulatory proteins (spots no. 3, 9, 24, 32) or sensory 
proteins (spots no. 3, 27) has been detected for a number of EPS proteins from drinking-
water biofilms. These proteins respond to environmental stimuli and effect stress response 
under adverse conditions. In the presented study environmental stress on microorganisms 
has been described in the form of Cu stress. Spots No. 3 and 32 have been found in clusters 
of protein spots present only in the EPS of drinking-water biofilms cultivated in drinking-
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waters abstracted from plumbing systems made of Cu, and absent in those cultivated at Cu-
unaffected distribution systems. The gene sequence encoding for a two-component 
response regulator protein, which had a significant homology of MS-spectrum to protein 
spot No. 32 analyzed in this study, was found in an uncultured bacterium from a drinking-
water biofilm (Stoeckigt et al., unpublished; accession no. Q6JWS4). Presence of these 
proteins in biofilms exposed to elevated concentrations of Cu indicates their significance as 
regulator of gene expression towards enhanced production of Cu stress specific cell 
components and EPS. 
Transporter systems are essential for cell viability, importing nutrients from the environment 
and exporting substances toxic to the cell (Davidson et al., 2008). Transporter proteins are, 
furthermore, necessary for the establishment of a mature biofilm, due to their role in 
translocation of polymers from the cytoplasm into the extracellular environment (Hinsa et 
al., 2003). Secretory systems involve complex arrangements of numerous secretory proteins 
bound to the inner or outer cell membrane or spanning across the periplasm, and which 
form specific pathways for the transport of polymers across the membranes (Hueck, 1998; 
Russel, 1998; Abdallah et al., 2007; Fronzes et al., 2009). A number of proteins analyzed in 
the present study showed significant homology in MS-spectra to transporter proteins (spots 
no. 5, 6, 7, 9, 13, 16, 18, 27, 31). Regarding spot no. 9, this protein was only found in 
drinking-water biofilms exposed to elevated concentrations of Cu, and therefore, could be 
involved in the Cu stress response mechanism. The majority of transporter proteins detected 
in this study were predicted to be located in the outer membrane. 
Proteins can also exhibit structural roles within the biofilm matrix (Higgins and Novak, 1997; 
Dignac et al., 1998; Tielker et al., 2005; Larsen et al., 2007). Identification results indicated 
low abundance of structural proteins in the EPS of drinking-water biofilms, showing only one 
potential candidate (spot no. 6) with significant homology in MS-spectrum to laminin, beta 3. 
A further type of proteins detected in the EPS of E. coli, B. subtilis and P. aeruginosa included 
(Antelmann et al., 2001; Nouvens et al., 2003; Kim et al., 2005; Nandakumar et al., 2006; 
Waite et al., 2012) are flagellar proteins. These proteins were not found in the EPS of 
drinking-water biofilms in the present study. For a number of proteins analyzed in this study, 
including 4 proteins which were predicted to be localized extracellularly, the function is 
unknown. 
Discussion 
 
184 
 
5.5 Outlook 
The presented study provided insights into the composition, function and dynamics of 
drinking-water biofilms and their EPS. The major challenge of this study was the low 
concentration of the EPS, and thus, the establishment and adaptation of methods for the 
cultivation of drinking-water biofilms, for EPS isolation, as well as methods for quantitative 
and qualitative analyses of the biofilms and their EPS.  
The experimental setup and EPDM material applied in this study proved to be suitable for 
the cultivation of drinking-water biofilms, supporting extensive growth of biofilms and 
resulting in macroscopically visible, multi-layered biofilms. Biofilm growth was supported by 
nutrients leached from the EPDM material. Such extensive growth was necessary in this 
study, to obtain sufficient biomass for EPS isolation and analysis. In the drinking water praxis 
such an extensive biofilm formation would represent a worst-case scenario. However, 
materials which support microbial growth are still used, mainly in plumbing systems. 
Therefore, the experimental system has practical relevance. 
The EPS isolation method by CER, which was miniaturized and optimized in the present 
study, allowed for recovery of increased amounts of EPS from drinking-water biofilms and 
for a broad range of biochemical analyses. Alternative procedures for EPS isolation, as 
reported in literature, in particular chemical methods, showed limitations in terms of 
interference with biochemical assays, potential cell lysis or chemical reactions with EPS 
constituents.  
Drinking-water biofilms were shown to be another type of biofilm, in which proteins 
represent the main EPS component, irrespective of biofilm age and origin, followed by 
polysaccharides and DNA. Prevalence of proteins has also been observed, e.g. in wastewater 
biofilms. Establishment and optimization of analytical methods in the present study enabled 
the determination of the role of extracellular proteins within drinking-water biofilms. EPS 
proteins exhibited enzymatic functions and were shown to utilize a variety of diverse 
substrates, indicating their role as an external digestive system. The optimized 2DE protocol 
allowed for separation and subsequent identification of EPS proteins, which showed 
metabolic, transport or regulatory functions. However, identification of proteins separated 
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by 2DE and analyzed by MALDI-TOF-MS in most cases resulted in significant homologies of 
MS-spectra to more than one protein recorded in the protein database per spot. Recently 
developed approaches, such as the combination of metagenomics and proteomics, 
represent potential tools to obtain more exact identifications of EPS proteins from drinking-
water biofilms as well as other environmental multi-species biofilms. This approach could 
help to exclude improbable identities, and should be applied in future studies. Application of 
2D-DIGE could, furthermore, allow for more precise detection of up- or down-regulation of 
intra- or extracellular protein expression in drinking-water biofilms in response to 
environmental changes or stress. 
Polysaccharides and DNA were present in considerable proportions in the EPS of drinking-
water biofilms. Polysaccharides are structural elements of any biofilm and for a long time 
considered the major constituent of biofilms. In this study polysaccharides were only 
analyzed quantitatively. Qualitative analysis of the composition and structure of 
polysaccharides will be necessary to determine the influence of polysaccharides on biofilm 
structure and mechanical stability. Presence of eDNA was verified in all drinking-water 
biofilms tested in this study, indicating its ubiquity in this type of biofilms. This raises the 
question of its role within the EPS matrix. Whitchurch et al. (2002) demonstrated, that eDNA 
is a structural component within the EPS of P. aeruginosa biofilms, and not merely debris 
from lysed cells. Flemming et al. (2007) speculated about further potential functions of 
eDNA, which have yet to be proven. The role of eDNA within drinking-water biofilms remains 
subject to future investigations. 
Finally, this study demonstrated the variability of drinking-water biofilms in terms of 
microbial populations and EPS composition in the progress of biofilm formation, as well as in 
response to differences in conditions among drinking water systems. Variations were in 
particular evident comparing biofilms from distribution systems to those cultivated in copper 
plumbing systems, with regard to population diversity and EPS composition. Copper was 
shown to influence the culturability of some microorganisms and may be responsible for 
population shifts within drinking-water biofilms. Furthermore, copper was shown to 
decrease culturability of P. aeruginosa, which was used as model organism of hygienical 
relevance, causing its transition into the VBNC state and potentially obstructing its detection 
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during drinking water analysis. This signifies the need for further investigations of the effect 
of copper on drinking-water biofilms and on hygienically relevant organisms.  
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